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FOREWORD 

Research  d i s c u s s e d  i n  t h i s  r e p o r t  w a s  accompl ished  by 
t h e  B i o e n g i n e e r i n g  and E v a l u a t i o n  D i v i s i o n  as a p a r t  of 
A i r  Force C o n t r a c t  # FX2826-70-05327 between May 19'7C; and 
March 19-71. A p o r t i o n  of t h e  e f f o r t  w a s  performed by 
E n e r t e c h  C o r p o r a t i o n  under Army C o n t r a c t  # DABCOI-'71-C-0090. 



ABSTRACT 

This report sets forth the conceptual design for a 
facility intended for development and evaluation of thermal 
protective clothing in a reproducible fuel fire environment. 
The methods developed relate thermal characteristics of fabrics 
to biomedical aspects of burn prevention. A number of bio- 
engineering problems are identified, the resolution of which 
is expensive and time consuming. It is concluded that con- 

Due to the magnitude and complexity of the bioengineering 
problems identified, and because of advances in laboratory 
testing methods, however, construction of such a facility 
is not considered to be a prudent expenditure of public funds 
at this time. Operationally oriented bioengineering/aero- 
medical evaluation of thermal protective clothing systems 
remains essential. 

* struction of the facility designed is technically feasible. 

APPROVED : 

U COLONEL, M S  
Commanding 
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THE TESTING OF THERMAL PROTECTIVE CLOTHING 
I N  A REPRODUCIBLE FUEL FIRE ENVIRONMENT, 

A FEASIBILITY STUDY 

INTRODUCTION : 

I n  spi te  of t e c h n o l o g i c a l  advances and i n c r e a s e d  concern 
by a i r c r a f t  d e s i g n e r s ,  f i r e  a s s o c i a t e d  w i t h  a i r c r a f t  a c c i d e n t s  
con t inues  t o  be a major cause of  m o r t a l i t y  and morbid i ty  i n  
m i l i t a r y  a i r c r a f t  o p e r a t i o n s .  
ous f a b r i c s  designed t o  provide  p r o t e c t i o n  a g a i n s t  f i r e  have 
been developed. 
from r a t h e r  s imple  l a b o r a t o r y  tests t o  exposure t o  open p i t  
f u e l  f i r e s .  I n v e s t i g a t o r s  concerned w i t h  thermal  p r o t e c t i o n  
have r a r e l y  agreed upon t h e  i n t e r p r e t a t i o n  of t h e  r e s u l t s  of 
such t e s t i n g  when a t t empt ing  t o  re la te  t h e s e  r e s u l t s  t o  t h e  
s u b j e c t  of i n t e r e s t ,  human s k i n .  Because of t h e  i n t e r e s t  and 
concern f o r  a v i a t i o n  personnel  h e l d  by t h i s  l a b o r a t o r y  it was 
decided t o  i n i t i a t e  an i n t e g r a t e d  medical/physiological/engineering 
approach t o  t h i s  problem might provide  a s imple ,  dynamic, re- 
p roduc ib le  method of q u a n t i f y i n g  t h e  impor t an t  parameters of 
thermal  p r o t e c t i v e  c l o t h i n g .  With t h e  s u p p o r t  of t h e  USAF 
L i f e  Support  Program O f f i c e ,  A i r  Force Systems Command, such 
an e f f o r t  w a s  begun i n  May 1 9 7 0 .  A p o r t i o n  of t h e  s tudy  w a s  
performed by Ener tech  Corpora t ion  of New York. 

During t h e  p a s t  f e w  y e a r s  numer- 

Methods f o r  t e s t i n g  t h e s e  f a b r i c s  have ranged 

This  i s  a r e p o r t  of t h e  f i r s t  phase of t h e  s tudy .  During 
t h i s  phase it w a s  our  purpose t o  de te rmine  t h e  f e a s i b i l i t y  
and b a s i c  des ign  of a f a c i l i t y  i n t ended  t o  reproduce t h e  char-  
ac te r i s t ics  of a J P - 4  f i r e  i n  a c o n s i s t e n t  manner and t o  p r e d i c t  
t h e  e f f e c t s  of such a f i r e  upon a marr e scap ing  from it. 
more, it w a s  our  purpose t o  d e v i s e  a method of measuring t h e  
p r o t e c t i o n  a g a i n s t  burns o f f e r e d  by v a r i o u s  ensembles of f i r e  
p r o t e c t i v e  c l o t h i n g .  

Fur ther -  

The f i r s t  p o r t i o n  of  t h i s  report  w i l l  review some of t h e  
commonly used methods of e v a l u a t i n g  thermal  p r o t e c t i v e  c l o t h i n g  
both a t  t h e  l a b o r a t o r y  bench and i n  t h e  f i e l d  l a b o r a t o r y .  
second p o r t i o n  of t h e  report  d e a l s  w i th  t h e  f e a s i b i l i t y  of 
reproducing  J P - 4  f u e l  fires under c o n t r o l l e d  c o n d i t i o n s .  The 
t h i r d  p o r t i o n  of t h e  r e p o r t  p r e s e n t s  ou r  concept  of t h e  necessary  
i n s t r u m e n t a t i o n  r e q u i r e d  f o r  a f a c i l i t y  such as t h e  one con- 
s i d e r e d  i n  p a r t  two. P a r t  f o u r  d i s c u s s e s  s o m e  c r i t i c a l  f a c t o r s  
involved i n  t h e  f u t u r e  management of t h i s  project .  F i n a l l y ,  
t h e  f i f t h  p o r t i o n  p r e s e n t s  our  conc lus ions  and recommendations 
f o r  f u t u r e  development. 

The 



PART I 

PRESENT TEST METHODS OF MEASURING THERMAL 
CBAPACTERISTICS OF FABRICS 

S e v e r a l  t es-t me-khods have  been used by d i f f e r e n t  agencies  
t o  $%sYzlv'i3te t ? ? e  degree of p r o t e c t i o n  t h a t  a test. yarrnent w i l l  
p rovide  i n  a p n t - c r a s h  envi.rc?,7ment No s i .ngle .test provides  
m o r e  than  a p o r t i o n  of t h e  t o t a l  p i c t u r e .  Laboratory methods 
i n  g e n e r a l  g i v e  p r e c i s e  d a t a  r ega rd ing  f lammabi l i ty  and h e a t  

I.xi these labora+:c,ry methods may f a i l  t o  s imula t e  t h e  combined 
r a d ~ . . ~ t : i ~ ~ ~ ~ f  ccnvect ive,  and conduct ive  components of a pos t -  

" ixe  S c c i j s s ~  t h e  r e s p e c t i v e  p r o p o r t i o n s  of' t h e s e  c o m -  
t s  are r,ot adeqnate ly  known. While most garments w i l l  
z"c i n  an upen p i t  f i r e  a s  would be p r e d i c t e d  from 

I:+xa.t-,~.ry d a t a ,  o c c a s i o n a l l y  t . h e r e  a r e  some si.irprises ; a l -  
-t.ho.~$i i i l  r e t r o s p e c t .  t h e  e x p l a n a t i o n  f o r  t h e  s-srpri .  ses i.s 
'I .~..:.~,.>.?-.k:y r e a d i l y  a v a i l a b l e .  

f e r  ck inrac- tes i s t ics  of fabrics a The  heat.  soo'urces u t i l i z d  

. .. 

!'or a!.]. t h e i r  accuracy and r e l i a b i l i t y  l a b o r a t o r y  tes ts  
r i s zd i ly  accepted  by t h e  layman manager who must decide 

SF a. reconmended i t e m .  When presmi-e-.: wi L.h lal.xrat.oKy 
layman w i l l  i n v a r i a b l y  a s k ,  "But w i l l  i t  work i n  a 

'i f i r e ? "  Thus, t h e r e  has  been a g e n e r a l  acceptance  of t h e  
q e n  p i t  method of t e s t i n g  a s  t h e  f i n a l  h u r d l e  i n  t h e  tech-  

$2-71 e v a l u a t i o n  of thermal  p r o t e c t i v e  c l o t h i n g .  Unfortunate-  
.: t;::e zyen p i t  met.hod has; .  t n  date? provido? t h e  l..east. 

r::r-;,::ndncihle d a t a  of a l l  t h e  methods. 

rp. 3...,t3 -i ,- sec.tion will be a b r i e f  review of t h e  c u r r e n t  labos- 
~. . . L L . . i  . ~ ,  ,-i-1., and f i e l d  tes ts  which address  t h e  problem of a garment ' s  
a b i l i t y  t o  provide  burn p r o t e c t i o n .  

::..?. t h e  des i9n  and e v a l u a t i o n  of thermal. p r o t e c t i v e  c l o t h -  
L..,, -< ;/ .-. t h e  fo l lowing  parameters  are of primary i n t e r e s t :  (1) 
the c:har=lc:t.er of t h e  thermal  s o w c e ;  ( 2 )  t h e  physi-cal  
p r~pc . s t . i . e s  qf t.he f a b r i c s  ( d e n s i t y ,  s t .rengt.h I' m e l t  t .emperature, 

':i .. .; ty, d y a b i l i t y ,  e tc . )  ; ( 3 )  the in.si.i!..atin and opt.i.ca:i. 
ies; ( 4 )  t h e  a e s t h e t i c  p r o p e r t i e s  I- feel o t h e  fabric, 

-. rL;c. j- 5 ':1 :::E I: '::: Q ;:: i yi cf.>rn f o r  t . 

2 



t r ade - -o f f s  r e s u l t i n g  i n  decreased  thermal  p r o t e c t i o n  i n  
f avor  of comfort .  F i n a l l y ,  t h e  p h y s i c a l  c h a r a c t e r i s t i c s  
and i n s u l a t i n g  p r o p e r t i e s  of f a b r i c s  and garments a r e  
determined us ing  a number of l a b o r a t o r y  and f i e l d  methods. 

Flammabili ty of f a b r i c s  can be adequate ly  t e s t e d  i n  
t h e  l a b o r a t o r y  by s u b j e c t i n g  t h e  f a b r i c  t o  an i g n i t i o n  
source  ( h o t  w i r e ,  f l a m e  o r  r a d i a t i o n )  and n o t i n g  f laming 
( i f  p r e s e n t )  and f l a m e  propogat ion.  Flammabili ty and 
propogat ion tests are u s e f u l ,  e s p e c i a l l y  if c a r e  i s  taken  
t o  use  l o g i c a l  i g n i t i o n  sources .  I n  t h e  case of JP-4 
f i r e s  an open f l a m e  seems t o  be  t h e  most l o g i c a l  choice .  

Off-gasing tes ts  are u s e f u l  on ly  i n s o f a r  a s  they  s e r v e  
t o  e l imia te  cand ida te s  which e m i t  e i t h e r  t o x i c  or flam- 
mable gases .  

H e a t  shr inkage  tests d e f i n e  t h e  f a b r i c ' s  shr inkage  Se- 
h a v i o r  under thermal  loads  and i n d i c a t e  t h e  p o s s i b i l i t y  of 
f a b r i c  r u p t u r e  and c o n t a c t  burns .  There are c a s e s  i n  proper-  
l y  engineered garments, however, when t h e  i n c r e a s e  i n  t rapped 
a i r  by h e a t  puckered l a y e r s  would r e s u l t  i n  i nc reased  thermal  
p r o t e c t i o n .  

Thermogravometric and d i f f e r e n t i a l  thermal  a n a l y s i s  pro- 
v i d e  data about  t h e  physical-chemical  n a t u r e  of t h e  f i b e r  
b u t  do n o t  c o n t r i b u t e  much unders tanding  t o  t h e  behavior  of 
a f a b r i c  i n  a f i r e .  

Flame impingement tests i n  which h e a t  t r a n s f e r  through 
one o r  s e v e r a l  l a y e r s  of f a b r i c  i s  measured wi th  thermocouples 
o r  c a l o r i m e t e r s  a r e  u s e f u l  i n  p r e d i c t i n g  t h e  amount of burn 
p r o t e c t i o n  a given material  w i l l  a f f o r d .  This i s  e s p e c i a l l y  
t r u e  i f  t h e  method has  been c a l i b r a t e d  a g a i n s t  l i v i n g  t i s s u e .  

Conductive h e a t  tests i n  which t h e  t es t  specimen i s  
hea ted  wi th  a h o t  p l a t e  under c o n t r o l l e d  p r e s s u r e  and h e a t  
t r a n s f e r  is  measured wi th  a calorimeter; i t  may g i v e  some 
i n d i c a t i o n  of what happens when a hea ted  f a b r i c  i s  t i g h t l y  
pressed  a g a i n s t  a p a r t  of t h e  body. Such v a r i a b l e s  as p res -  
s u r e ,  mois ture  c o n t e n t  of c l o t h i n g ,  temperature  and c h a r r i n g  
e f f e c t s ,  however, make t h e  r e l i a b i l i t y  of t h i s  method ques- . t i o n a b l e .  

3 



T e s t s  u s i n g  r a d i a n t  h e a t  s o u r c e s  are  u s e f u l  models o n l y  
i n  t h a t  JP-4  f i r e s  are l a r g e l y  r a d i a t i o n  s o u r c e s .  The ene rgy  
l e v e l s  i n  JP-4 f i res  are such  t h a t  t h e  c o n v e c t i v e  component 
i s  sti1.1 a s e v e r e  t h r e a t  f o r  l i v i n g  t i s s u e .  R a d i a n t  hea t  
s o u r c e s  are u s e f u l  because  t h e y  are c o n t r o l l a b l e ,  a l t h o u g h  
ex t reme care must be  t a k e n  t o  match t h e  spec t rum of r a d i a t i o n  
f r o m  t h e  f i r e  t o  mini-mize errors due  t o  the  f a b r i c ' s  reflec- 
t a n c e .  

One r e c e n t  a d d i t i o n  t o  t h e  l a b o r a t o r y  methodology(1)  
combines i n d e p e n d e n t l y  c o n t r o l l a b l ~ e  r a d i a n t  and c o n v e c t i v e  
s o u r c e s  i n  a chamber s u i t a b l e  fo r  t e s t i n g  1 2  x 1 2  i n c h  
samples .  Heat t r a n s f e r  as w e l l  as  f l a m m a b i l i t y  and s h r i n k a g e  
c a n  be s t u d i e d .  The d i s a d v a n t a g e  of t h i s  t e s t ,  as w i t h  a l l  
" l a b "  tes ts ,  i s  t h a t  t h e y  do n o t  t es t  t h e  e n t i r e  ensemble 
th rough  a f i r e .  

To date ,  t h e  o n l y  s i m u l a t i o n  c a p a b l e  of a d d r e s s i n g  t h e  
aerodynamic f a c t o r s  h a s  been t h e  open p i t  t e s t .  Table I 
l i s ts  a number of such  p i t s  which a l r e a d y  e x i s t .  The Navy 
(NADC, J o h n s v i l l e ,  P e n n s y l v a n i a )  and t h e  Army ( N a t i c k  Labs, 
Sudbury Annex) b o t h  have c o n s t r u c t e d  f i r e  p i t s ,  Both f a c i l i  ti es 
e x h i b i t  a common approach  t o  s i m u l a t i n g  pos t - - c r a s h  f i r e s  
Th i s  approach  i n v o l v e s  d r a g g i n g  a manik in  wear ing  t h e  tes t  
garment  t h rough  t h e  f lames  of a n  open p i t  f i r e .  I n  b o t h  cases, 
t h e  f u e l  i s  s p i l l e d  on a p o o l  of  water and i g n i t e d  w i t h  a 
t o r c h .  I n  o r d e r  t o  cope  w i t h  t h e  v a r i a b i l i t y  i n  t h e  f i res  
i n t r o d u c e d  by t h e  e f f e c t  of wind ,  v a r i o u s  k i n d s  of p a r t i a l  
w a l l s  have been  e r e c t e d  a t  b o t h  f i r e  p i t s .  The w a l l s  a t  
t h e  Na t i ck  f i r e  p i t  do n o t  a d e q u a t e l y  c o n t r o l  t h e  e f f e c t s  of 
wind,  s v e n  w h e n  t h e  wind is  less t h a n  e i g h t  miles p e r  hour .  

The t w o  f i r e  p i t  f a c i l i t i e s  d i f f e r  i n  t h e  manner t h e  
manik ins  are moved th rough  t h e  f i r e .  The N a t i c k  f a c i l i t y  
suspends  t h e  manik ins  from a motor d r i v e n  c o n t i n u o u s  wire 
rope .  The J o h n s v i l l e  f a c i l i t y  employs a p e d e s t a l  a t  t h e  siGe 
of t h e  f i r e  p i t  from which e x t e n d s  a long  bcom s u p p o r t i n g  t h e  
manik in .  The manikin t r a v e r s e s  a s e m i - c i r c u l a r  p a t h  f r o m  
beh ind  a p r o t e c t i v e  w a l l ,  t h r o u g h  t h e  f i r e ,  and o u t  behind  
t h e  p r o t e c t i v e  w a l l .  It has  been obse rved  that t h e  c o n s t r u c -  
t i o n  of t h e  J o h n s v i l l e  f a c i l i t y  c o n t r i b u t e s  t o  a t h e r m a l  
o v e r l o a d i n g  of t h e  dummy due  t o  effects from t h e  w a l l  a t  t h e  
s i d e  of t h e  p i t .  The s i d e  of  t h e  manik in  n e x t  t o  t h e  w a l l  
a lways e x p e r i e n c e s  h i g h e r  h e a t  f l u x  t h a n  t h e  o t h e r  s i d e  of 
t h e  manik in .  

4 



. 

TABLE 1. SUMMARY OF TYPICAL AVAILABLE FIRE TESTING TECHNIQUES 

Estimated Applicability 
Type of Location Intended use Environment Operation Ins tru- relative for materials 
Facility (representative) of Facility Produced Time mentation cost response testing 

Furnance I jmuiden, Flame research Radiation from Continuous Thermometry Moderate to No provisions for 
Holland related to fur- hot surfaces Calorimetry Expensive material testing 

nace design and and flames Radiome try 
fuel P y r ome t r y 

Wood Crib U. S. Forest Ignition stud- Actual fire, Limited by Calorimetry Inexpensive Not practical-- 
Laboratory ies, flame pat- but transient fuel supply Thermometry to very ex- reproducibility 
Riverside, Ca. tern, flame pensive problems, transient 

spread, and effects, and size nf 
mass fire crib needed for prop- 
studies er radiation simu- 

lation; specimen too 
complex to get one - 
dimensional response 
and not viewable. 

Large 
pool f 

Nava 1 Weapons Determine ef- Actual fire, Limited by Thermometry Expensive Not practical-- 
ires Laboratory fects of fire but transiekt fuel supply reproducibility prob-- 

Dahlgren, Va. on full-scale lems, transients, 
hardware as- and complications of 
semblies obtaining one-dimen- 

sional specimen re- 
ponse. Specimens 
cannot be observed. 

Large Factory Mutual Study flame Actual fire, Limited by Thermometry Expensive Not practical-- 
structure Research Corp., spread in but transient fuel supply reproducibility prob- 
fires Rhode Island buildings, ex- lems, transients, 

tinguishment and lack of setup to 
obtain one-dimension- 
a1 specimen response. 
Specimens cannot be 
observed. 



TABLE 1. SUMMARY OF TYPICAL AVAILABLE FIRE TESTING TECHNIQUES 
(Continued)  

Es t imated  A p p l i c a b i l i t y  
Type of Loca t ion  In tended  use  Environment Opera t ion  I n s t r u -  r e l a t i v e  f o r  materials 
F a c i l i t y  ( r e p r e s e n t a t i v e )  of  F a c i l i t y  Produced T i m e  menta t ion  cost r e s p o n s e  t e s t i n g  

Radiant  Boeing Co., M a t e r i a l s  eval- High s o u r c e  Continuous Thermometry Inexpens ive  D o e s  n o t  thermo- 
p a n e l  S e a t t l e ,  Was. u a t i o n ,  i g n i -  t e m p e r a t u r e  Calor imet ry  dynamical ly  s i m u l a t e  
tests t i o n  r a d i a t i o n ,  no Radiome t r y  a hydrocarbon f i r e  
( q u a r t z  c o n v e c t i o n  because  r a d i a n t  
lamps 1 s o u r c e  tempera ture  

i s  t o o  h i g h  and no 
convec t ion  i s  p r e s e n t .  

NASA f i r e  NASA, Ames, C a .  Materials e v a l -  Radiant  and Continuous Calor imet ry  Inexpens ive  Can be  used f o r  m a t -  
s i m u l a t i o n  u a t i o n  c o n v e c t i v e  e r i a l  e v a l u a t i o n s .  

s o u r c e s  f a i r -  L i m i t a t i o n s  are rad-  
ly w e l l  simu- i a n t  and c o n v e c t i v e  
l a t e d  f o r  h e a t  f l u x  cannot  be 
average  f i r e  independent ly  v a r i e d ,  

and t h e  tes t  s p e c i -  
men cannot  be  ob- 

m served .  

Room F i r e s  Underwr i te rs ’  F i r e  t es t s  of  A c t u a l  f i r e  Continuous Thermometry Expensive Specimen cannot  be  
L a b o r a t o r i e s  s t r u c t u r a l  as- observed.  Some f l u c t u -  
Northbrook,  11. semblies a t i o n  i n  environment  

w i t h  r e s p e c t  t o  ma- 
t e r i a l s  response  
s t u d i e s .  Specimen 
s e t u p  t o o  complex t o  
e n s u r e  one-dimensional 
response .  

F u e l  P i t  1.Army-Natick T e s t i n g  thermal  A c t u a l  f i r e ,  L imi ted  by Radiometry Expensive F i r e  i s  n o t  repro-  
f i r e s *  Mass p r o t e c t i v e  b u t  t r a n s i e n t  f u e l  supply  H e a t  sens-  duc ib  l e  : inadequate  

c l o t h i n g  s y s -  t i v e  s t r i p s  i n s t r u m e n t a t i o n .  2 . N a v y - A . M .  
S t o l l  t e m s  
J o h n s v i l l e ,  Pa 

*Table  modi f ied  from Belason.  



I n  b o t h  f a c i l i t i e s ,  f i b e r g l a s s  man ik ins  are used and 
the rma l  s e n s i t i v e  pape r  s t r i p s  are  used  as h e a t  d e t e c t o r s .  
These s t r i p s  a r e  i m p r i n t e d  w i t h  o r g a n i c  chemica l s  t h a t  m e l t  
o r  change c o l o r  a t  s p e c i f i c  t e m p e r a t u r e .  Waldron e t  a l ( l 1 )  
r e p o r t  t h a t  t h e s e  s t r i p s  were c a l i b r a t e d  a t  Na t i ck  Labs u s i n g  
a solar  f u r n a c e .  There h a s  neve r  been ,  however,  a c a l i b r a t i o n  
u s i n g  t h e s e  s t r i p s  i n  a f u e l  f i r e .  The chemica l  e f f e c t  of 
f i r e  by-products  on t h e s e  s t r i p s  i s  n o t  known. These s t r i p s  
are u s e d  t o  i n d i c a t e  t h e  h i g h e s t  t e m p e r a t u r e  e x p e r i e n c e d  by 
t h e  manikin.  These s t r i p s  do n o t  p r o v i d e  t e m p e r a t u r e  v s  
t i m e  p r o f i l e  i m p o r t a n t  i n  e s t i m a t i n g  p h y s i o l o g i c  i n j u r y .  
N e i t h e r  f a c i l i t y  h a s  u t i l i z e d  more s o p h i s t i c a t e d  means of 
d a t a  a c q u i s i t i o n  o t h e r  t h a n  t o  photograph  t h e  f i r e  from s e v e r a l  
a n g l e s .  The f i r e  i t s e l f  i s  mon i to red  w i t h  a r a d i a t i o n  c a l -  
or imeter  ( N a t i c k )  t o  e n s u r e  t h a t  t h e  f i r e  h a s  r eached  i t s  
maximum i n t e n s i t y  p r i o r  t o  t h e  m a n i k i n ' s  e n t e r i n g  t h e  f i r e .  

0 

Both t h e  Na t i ck  and J o h n s v i l l e  f i r e  p i t  f a c i l i t i e s  s u f f e r  
from t w o  major f a u l t s .  F i r s t ,  i n  employing a water p o o l  as 
a b a s e  f o r  t h e  f u e l  s p i l l s  b o t h  f a c i l i t i e s  i n t r o d u c e  a factor  
t h a t  h a s  been  shcwn t o  r e s u l t  i n  a cooler t h a n  normal f i r e .  
Second, t h e  Tack of a d e q u a t e  wind b r e a k s  r e s u l t  i n  f i r e s  of  
g r e a t  v a r i a b i l i t y ;  f l ames  move r a p i d l y  o u t  of t h e  p a t h  of  t h e  
manikin a t  t h e  s l i g h t e s t  b r e e z e ,  and f u e l / a i r  compos i t ion  
v a r i e s  due  t o  wind t r a n s i e n t s .  Because of t h e s e  f a u l t s  i t  i s  
i m p o s s i b l e  t o  s i m u l a t e  a d e q u a t e l y  a p o s t - c r a s h  f i r e  i n  a n  open 
p i t  f a c i l i t y .  

. 
4 
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PART I1 

THE FEASIBILITY OF REPRODUCING JP-4 F I R E S  
UNDER CONTROLLED CONDITIONS 

During t h e  summer of 1 9 7 0 ,  E n e r t e c h ,  I n c . ,  s u b m i t t e d  a 
p r o p o s a l  a t  USAARL's r e q u e s t  t o  s t u d y  t h e  f e a s i b i l i t y  of  
d u p l i c a t i n g  t h e  t h e r m a l  and chemical environment  of a JP-4  
" p o s t - c r a s h "  f u e l  f i r e  i n  a r e l a t i v e l y  s m a l l  " f u r n a c e " .  
I n  Oc tobe r ,  a c o n t r a c t  w a s  s i g n e d  and on 6 November, USAARL 
r e c e i v e d  a p r o g r e s s  r e p o r t  i d e n t i f y i n g  some of t h e  problems 
encoun te red .  E n e r t e c h  f e l t  it w a s  n e c e s s a r y  t o  measure 
c a r e f u l l y  t h e  characterist ics of an  a c t u a l  f i e l d  f i r e ,  and l a t e  
i n  December a f i e l d  f i r e  w a s  conducted  a t  Fo r t  Rucker.  I n  
Janua ry ,  E n e r t e c h  s u b m i t t e d  t h e i r  f i n a l  r e p o r t ,  "The Feasi- 
b i l i t y  of  S i m u l a t i n g  J P - 4  F u e l  F i r e  Environments  Under 
Reproduc ib le  Furnace  C o n d i t i o n s .  " 

The m a j o r i t y  of  E n e r t e c h ' s  r e p o r t  (Appendix 1) i s  con- 
c e r n e d  w i t h  t h e  theoret ical  problems o f  r e p r o d u c i n g  t h e  w o r s t  
c r e d i b l e  envi ronment  t h a t  a p e r s o n  is  l i k e l y  t o  e n c o u n t e r  
i n  a JP-4 f u e l  f i r e  and on ly  b r i e f l y  concerned w i t h  t h e  e n g i -  
n e e r i n g  problems of moving a n  i n s t r u m e n t e d  dummy o r ' a n i m a l  
th rough t h i s  envi ronment .  A s  a r e s u l t  of  t h e  f i e l d  f i r e  
t es t ,  Ene r t ech  de termined-  t h a t  i n  t h e  w o r s t  credible env i ron -  
ment, t e m p e r a t u r e s  c o u l d  be expec ted  i n  t h e  r ange  of 2000'F t o  
2200'F. The t w o  p r i n c i p a l  problems encoun te red  i n  r e p r o d u c i n g  
such  an envi ronment  were (1) d e t e r m i n i n g  the  r e q u i r e d  a i r / f u e l  
r a t i o  and ( 2 )  p r o v i d i n g  t h e  same r a d i a t i v e  background i n  t h e  
f i e l d  f i r e  s i m u l a t i o n  ce l l  as would be encoun te red  i n  an  a c t u a l  
f i e l d  f i re .  

The  ra te  a t  which a i r  e n t e r s  t h e  f u r n a c e  d e t e r m i n e s  t h e  
thermal and chemica l  envi ronment  of t h e  f i r e .  Ene r t ech  cal- 
c u l a t e d  t h e  ra te  a t  which a i r  must e n t e r  t h e  f i r e ,  and i n  
t h e i r  c o n c e p t u a l  p l a n  for  t h e  f u r n a c e  p rov ided  a i r  blowers and 
r e g u l a t c r s  which  would supp ly  t h e  a i r  a t  t h i s  ra te .  The f u r -  
nace  c o u l d  s i m u l a t e  f i e l d  f i r e s  f o r  f u e l s  other  t h a n  JP-4 i f  
t h e  n e c e s s a r y  a i r  i n j e c t i o n  ra te  w a s  de t e rmined .  

To p r o v i d e  t h e  n e c e s s a r y  r a d i a t i v e  background,  E n e r t e c h  
f e l t  t h a t  it would be n e c e s s a r y  t o  have  a t  l eas t  three f e e t  
of f i r e  on each s i d e  of an  i n s t r u m e n t e d  dummy o r  an imal  as 
it moved th rough  t h e  chamber. There is  some u n c e r t a i n i t y  i n  
t h i s  f i g u r e ,  however, and it might  be n e c e s s a r y  t o  heat  
t h e  b l ackened  w a l l s  of t h e  f u r n a c e  fo r  two or t h r e e  minutes  . 
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b e f o r e  s e n d i n g  a n  i n s t r u m e n t e d  dummy th rough  t h e  f i r e .  The 
w a l l s  cou ld  be  p r e h e a t e d  e i t h e r  by u s i n g  a c o m b u s t i b l e  m i x t u r e  
s p r a y e d  across t h e  w a l l s ,  or by a l l o w i n g  t h e  fuel  t o  bu rn  from 
t w o  t o  three minutes  before any t e s t  w a s  made. 

I n  c o n s i d e r i n g  t h e  proposed f i e l d  f i r e  s i m u l a t i o n  c e l l ,  
t h e  m o s t  i m p o r t a n t  t e c h n i c a l  q u e s t i o n  i s  whether  i t  w i l l  
p r o v i d e  a r e p r o d u c i b l e  f i r e  t h a t  approx ima tes  t h e  c o n d i t i o n s  
of the  w o r s t  c r e d i b l e  envi ronment  l i k e l y  t o  be e n c o u n t e r e d  
i n  a n  a c t u a l  f i e l d  f i r e .  The i n v e s t i g a t i o n  by E n e r t e c h  
i n d i c a t e s  t h a t  i t  i s  p o s s i b l e  t o  approximate  t h e  t h e r m a l  and 
chemica l  envi ronment  of an  a c t u a l  f i e l d  f i r e  i n  t h e  f u r n a c e .  
~t is  ex t r eme ly  i m p o r t a n t  i n  compara t ive  t e s t i n g  of v a r i o u s  
f l i g h t  s u i t s ,  however,  t h a t  t h e  t h e r m a l  and chemica l  env i ron -  
ment n o t  d i f f e r  s i g n i f i c a n t l y  between tes ts .  S i n c e  a JP-4  
f u e l  f i r e  is  c h a r a c t e r i z e d  by ex t r eme  t u r b u l a n c e ,  w e  s h o u l d  
n o t  e x p e c t  t h a t  t h e  t e m p e r a t u r e  a t  a g i v e n  p o i n t  remain  
a b s o l u t e l y  c o n s t a n t  a f t e r  a c e r t a i n  t i m e  f o r  t w o  d i f f e r e n t  
f i r e s .  A c e r t a i n  amount of a r b i t r a r y  f l u c t u a t i o n  i n  t h e  
t e m p e r a t u r e  is unavo idab le ,  b u t  p r o b a b l y  w i l l  n o t  be l a r g e .  

h 

O t h e r  c o n s i d e r a t i o n s  i n  t h e  d e s i g n  o f  t h e  f u r n a c e  such  as 
t h e  way i n  which t h e  dummy e n t e r s  and e x i t s  t h e  f i r e ,  means 
of moving it th rough  t h e  flames, ways of a c q u i r i n g  d a t a  f r o m  
t h e  dummy, r e g u l a t i o n  of t h e  f u e l  s u p p l y ,  and d e t a i l s  of t h e  
c o n s t r u c t i o n  a p p e a r  t o  be p r i m a r i l y  e n g i n e e r i n g  problems 
which do n o t  pose  in su rmoun tab le  problems i n  t h e  c o n s t r u c t i o n  
of the  ce l l .  E n e r t e c h ' s  c o n c e p t u a l  p l a n  p r o v i d e s  s a f e t y  
measures :  i n  an  emergency t h e  f u e l  may b e  q u i c k l y  withdrawn 
f r o m  the  f u r n a c e  and the chamber may be purged  w i t h  n i t r o g e n ;  
t h e  f u e l  storage t a n k s  are  located below ground a t  a sa fe  
d i s t a n c e  from t h e  f u r n a c e ;  and t h e  e n t i r e  e n c l o s u r e  i s  s u r -  
rounded by a p r o t e c t i v e  w a l l .  

. 
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PART 111 

I N S  TRUMENTAT I ON 

Instrumentation for this facility must be capable of 
providing data of two basic kinds. First, the thermal envi- 
ronment must be monitored to quantitate its sever.i.ty and 
reproducibility. Second, the surface of a manikin must be 
monitored to assess the degree to which it has been protected 
by the overlying test clothing in the simulated fire environ- 
ment. 

Sensors which monitor the environment and the manikin 
will be part of a data acquisition system (Figure I). It 
is anticipated that it will require thermocouples, radio- 
meters and calorimeters to monitor the fire adequately. 
Thermocouples will monitor the wall temperature of the furnace 
and flame temperatures along the path of the maniltins. Calori- 
meters will be used to measure total heat flux (radiative and 
convective) and radiometers will measure radiant heat flux. 
The difference will give the convective heat flux. 

It is clear from the literature(l0) that tissue damage 
depends not only upon tissue temperature but also upon the 
time tissue remains above the damage threshold. Clearly then, 
the manikin must be instrumented with thermocouples to give 
reliable time-temperature data. 
vs - time-temperature data in the literature(l0) was derived 
using either pure radiative loading or flame contact with a 
meeker burner, it will be necessary to calibrate the response 
of thermocouple instrumented manikins in relation to the 
response of instrumented pigs. 

Since all the tissue damage 

, 

4 

r 

The analog data from these sensors will be filtered, 
amplified, converted to digital format and stored for future 
analysis. The details of the data acquisition system follow. 
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Figure I below represents the data train for the facility 
as contemplated. 

Sensors-Filters 
AC 

FIGURE 1 

80 - 
Temp era ture 

" C  
70 - 

60 

BLOCK DIAGRAM OF DATA 
ACQUISITION SYSTEM 

\ \ thermocouple 

I I I I I I 

Sensors - The sensor package will consist of thermocouples, 
calorimeters, radiometers, and a real time clock (gas sampling 
sensors will be covered in another section). 

Thermocouples - Thermocouples will be used to measure the 
temperature at 25 locations [based on the DuBois distribution 
used by Alice Stoll(3)I on the manikin and five places inside 
the chamber. The thermocouples will be of the large diameter 
type (probably .032" diameter) to insure ruggedness and long 
life. Thick thermocouples have slower response times than 
thin thermocouples, but this problem can be resolved by using 
a few thermocouples of different thicknesses (all large), and 
extrapolating the curve back to a zero thickness thermocouple 
to find the correct temperature (5) (Figure 11) . Thermocouples 
may be radiation shielded if a leather artificial skin stimulant(6) 
is used. 

FIGURE I1 

Plot of temperature - vs thermocouple thickness at a specific time. 
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Calorimeters - Calorimeters will be used to measure the 
total. heat flux present in the chamber and impinging on the 
manikin. 

Radiometers - Radiometers measure the radiative portion 
of heat flux. Using both radiometers and calorimeters, the 
convective and radiative components of the heat flux can be 
calculated. The radiometers will be placed in the same 
positions as the calorimeters. 

Real time clock - A digital real time clock will be used 
to provide accurate timing for all portion of the systems. 

AC Filters - The AC Filters will be three pole low pass 
filters. The filters will be used to attenuate high fre- 
quencies and noise that are extraneous. Approximately 35 AC 
filters are needed. 

Instrumentation amplifiers (Signal Condition- 
to increase the millivolt signals from the 

thermocouples, radiometers, and calorimeters to appropriate 
voltage levels and impedances for the Analog to Digital 
converter. One amplifier will be needed for each channel, 
requiring a total of 3 5  amplifiers. 

Monitors - Monitoring oscilloscopes are included so that 
the sensors can be measured before and during operation to 
insure t h e y  are working correctly. The monitors insure that 
a fire will not be run without full instrumentation. 

A/D, Multiplexer, CPU Programmable Digital Filter, CRT - 
The analog to diqital-converter, Multiplexer, Central Processing 
Unit, Programmable Digital Filter, and Cathode Ray Tube display, 
are grouped together because in all likelihood they will be 
purchased from the same company; their operation is interre- 
lated because of common timing signals. 

The A/D unit will convert the amplified signals into an 
easily manipulated digital format. The multiplexer will then 
take these digital signals and multiplex them together into 
one data chain that ca:i be fed into the GPU Programmable 
Digital Filter. The purpose of the digital filter is to select 
only the pertinent data which will be of use and to discard 
data which has no significance. 

The digital filter must be programmable for each new kind 
of test: then the filtering can be changed to fit the nature 
of the data. 
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The Cathode Ray Tube Display is included so that an on- 
line display of information can be obtained. Particular 
points of interest can be monitored without interrupting 
the data flow. 

Mag Tape - The magnetic tape recorder is the end of the 
data chain and consists of a magnetic tape device that is 
compatible with the CPU Programmable Digital Filter. 

Sensors 

Thermocouples 
Calorimeters 
Radiometers 
Digital Clock 
Cables & Connectors 

AC Filters 

Instrumentation AMP 

Monitors 

A/D Multiplexer 

CPU Prog Dig Filter 
& CRT 

Mag Tape 

TOT= 

anticipated system is detailed in Table I1 

No. 

30 
2 
2 
1 - 

3 5  

3 5  

2-4 

1 

1 

1 

Prices 
(each) 

$2-  $5 
200-  400 
200-  400 
600-  1000  - - 

5- 10 

200,- 7 0 0  

1500-  3000 

4000-  7000 

25000-40000 

5000-10000  

TABLE I1 

COST OF DATA ACQUISITION SYSTEM 

Minimum Maximum 
(total) (total) 

$60 $150 
40 0 800 
400 800 
6 0 0  1 0 0 0  
500 1 0 0 0  

1 7 5  350 

24500  7000 

3000  1 2 0 0 0  

4000  7000 

25000  40000  

5000  1 0 0 0 0  

$46,135 $97,600 

The data acquisition system will sample and store on tape 
accurate time-temperature data from 25 locations on the manikins 
and five locations in the chamber, plus accurate time-heat flux 
from two locations within the chamber. Radiative, convective, 
and total heat flux will be available. 
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The chamber temperatures  and h e a t  f l u x  w i l l  i n d i c a t e  t h e  
r e p r o d u c i b i l i t y  of t h e  f i re .  The t ime-temperature  d a t a  w i l l  
be  c o r r e l a t e d  (based on c a l i b r a t i o n  from instrumented p i g s )  
t o  i n d i c a t e  t ime-temperature  d a t a  f o r  s k i n .  T issue  damage 
w i l l  be  c a l c u l a t e d  us ing  t h e  methods of  A l i c e  S t o l l ( l O ) ,  
modified as necessary .  This d a t a  r e d u c t i o n  can be accom- 
p l i s h e d  o f f - l i n e  us ing  t h e  CPU o r  any s m a l l  t o  medium s i z e  
computer. The fo l lowing  s e c t i o n  addres ses  the problem of 
gas  a n a l y s i s  and i s  fol lowed by a d i s c u s s i o n  of  d a t a  r e d u c t i o n  
methods. 

The preceeding  paragraphs have o u t l i n e d  a d a t a  a c q u i s i t i o n  
system t h a t  w i l l  d e t e c t ,  r eco rd  and ana lyze  va r ious  t h e r m a l  
Parameters ( t e m D e r a t u r e ,  convec t ive  and r a d i a n t  h e a t  f l u x )  . 
~ m p h a s i s  w a s  p1;ced (1) -on r eco rd ing  t h e  f i r e  t o  i n s u r e  re- 
p r o d u c i b i l . i t y  and ( 2 )  on r eco rd ing  t h e  thermal  energy t r a n s -  
f e r r e d  through a f l i g h t  s u i t  t o  t h e  s u r f a c e  of a manikin. 

Any p r o t e c t i o n  a f f o r d e d  a p i l o t  by a f l i g h t -  s u i t .  w i l l  be 
negated i f ,  through i n a d v e r t a n t  b r e a t h i n g ,  t h e  p i l o t  s u b j e c t s  
h i s  r e s p i r a t o r y  system t o  a -toxic mixture  of very hot gases .  
There i s  some argument among burn e x p e r t s  about  t h e  r e l a t i v e  
hazaxds of tempera turs  and c c n t e n t  of i n s p i r e d  g a s e s .  There 
is l i t t l e  doubt ,  however, about  t h e  s e r i o u s  t h r e a t  of a f i r e  
environment t o  t h e  r e s p i r a t o r y  s y s t e m .  

A t  t h i s  t i m e  it i s  n o t  p o s s i b l e  t o  d e f i n e  p r e c i s e l y  t h e  
t h r e a t  t o  t h e  r e s p i r a t o r y  s y s t e m ;  nor  i s  it p o s s i b l e  t o  d e s c r i h e  
a s u r v i v a b l e  envelope of gas tempera ture  and. c o n t e n t .  

The proposed f a c i l i t y  could be  used t o  do some much needed 
r e s e a r c h  i n  t h i s  a r e a .  To al.iow for t h i s  possibility the 
fo l lowing  gas  a n a l y s i s  system i s  proposed. 

I n  assembling t h e  system it has  been assumed t h a t  p i l o t  
exposures  w i l l  be less than  20  seconds.  ( I n  f a c t  t h e  c u r r e n t  
garment tests seldom exceed LO s e c o n d s ) .  I n  a d d i t i o n ,  the 
p i l o t  is assumed t o  t a k e  between one and twenty b r e a t h s  dur- 
i n g  a Wenty  second exposure.  R e a l i s t i c a l l y  speakifig, one 
b r e a t h  of very  h o t  a i r  may be sufficient t o  h a l t  f u r t h e r  breath- 
ing  un le s s  coughi-ng occurs 

S t a t e - o f - t h e - a r t  CO and C02 i n f r a r e d  measuring in s t rumen t s  
have t i m e  c o n s t a n t s  on t h e  o r d e r  of 0 . 5  seconds.  This i s  
s u f f i c i e n t  for cont inuous nonitosring d u r i n g  a twenty second 
exposure b u t  t o o  slow f o r  a t h r e e  t o  s i x  second exposure.  
Paramagnetic 02  a n a l y z e r s  have t i m e  c o n s t a n t s  of t e n  to f o r t y -  
f i v e  seconds and, t h u s ,  are u n s u i t a b l e  f o r  cont inuous 0 2  
measurement du r ing  a twenty second exposure.  
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Gas chromatographs are required to measure N2, and if used 
they will take five minutes to measure co, co2 and 02 as well, 

to do so. 

The response times of gas analyzers and manikin exposure 
times dictate that a rapid sequence, "grab sample" system 
be used to collect gas samples for off-line analysis. While 
an on-line mass spectrometry system of gas analysis offers 
some advantages, reliable gas collection in this atmosphere 
is doubtful. Furthermore, the additional cost of $50,000 to 
$60,000 negates further consideration of such a system. The 
following table outlines the components of a gas analysis 
system which is compatible with the data acquisition system 
(Figure I). These components would be listed in the blocks 
marked sensors and amplifiers. 

COST OF BASIC GAS ANALYSIS SYSTEM 

MINIMUM MAXIMUM 

Gas Sampling & Conditioning System $ 2500 $ 4000 
Infrared CO Analyzer 2000 2500 
Infrared C02 Analyzer 2000 2500 
Paramagnetic 02 Analyzer 2000 2500 

Signal Conditioners 1200 2800 

$15,700 $ 2 4 , 3 0 0  

Chromatograph N2 6000 10000 

A gas sampling system is not needed to screen garments for 
thermal protective capability. It is, however, needed to 
investigate the effect of hot toxic gases OR the respiratory . 
system of a pilot. 

Data Analysis - A word of Caution -- -_II- 

The primary purpose of building the field fire simulation 
cell is to measure the amount of burn protection offered by 
various flight suits. It might seem that the most straight- 
forward means of measuring the amount of protection offered 
by a flight suit would be to clothe an instrumented anthro- 
pomorthic dummy in a flight suit and to measure the temperature 
on the surface of the dummy as it passes through a fire. 
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C a r e f u l  c o n s i d e r a t i o n ,  however, i n d i c a t e s  t h a t  t h e  s i t u a t i o n  
i s  more complex t h a n  might  be  expec ted .  Three  q u e s t i o n s  t h a t  
must be  answese.d are: (1-1 i s  t h e  measured t e m p e r a t u r e  an t h e  
s u r f a c e  of the. dummy t h e  same .  as t h . e  act.iial t e m p e r a t u r e ?  
( 2 )  i s  t h e  t e m p e r a t u r e  on t h e  s u r f a c e  of t h e  dummy t h e  same 
as t h e  s k i n  t e m p e r a t u r e  of a human bej.ng i n .  an e q u i v a l e n t  
s i t u a t i o n ?  and ( 3 )  how i s  t h e  skin t e m p e r a t u r e  related t o  
t i s s u e  damage? 

I f  thermocouples  are used  t o  measure t h e  temperature on 
t h e  s u r f a c e  of  t h e  d-iamrny, and i.% the psimasy mode o f  heat traansfel- 
t o  t h e  s u r f a c e  of t h e  dummy i s  c o n v e c t i v e  o r  c o n d u c t i v e ,  -hheri 
we may e x p e c t  t h a t .  t h e  measured t e m p e r a t u r e  and -the s u r f  ace 
t e m p e r a t u r e  wou1.d d i f f e r  by ~~n.3 .y  a smal.1 amount-, and t h a t  
depending  on t h e  r e s p o n s e ,  t.irne of t h e  thermocouple .  By u s i n g  
thermocouples  cf v a r i o u s  s i z e s  and  e x t r a p o l a t i n g  t o  a thermo- 
couple of zero t h i c k n i t s s ,  w e  may correct f o r  t h i s  r e s p o n s e  
time. ( 5 )  I f ,  h.oweverI t h e  heat. t r a n s f e r  t o  t h e  s u r f a c e  i n -  
voIved r a d i a t i v e  hea t .  transfer t h e n  s n.Lr.mk)er o.f pro’rs!,ern:: 
ar.ise ( 9 )  The t.hermocouple w i l l  abso rb  a d . i . f f e r e n t  p r o p o r t i o n  
of the r a d i a t i o n  from either t h e  durmy ox t h e  human skin. J f  
t h e  radiant heat f l u x  were s m a l l ,  t h e n  w e  could  n e g l e c t  t h e  
e f f e c t s  of r a d i a - t i o n  on. t h e  thermocouple  Unfu r t . una t . e ly ,  i t: 
i s  d i f f i c u l t  to o b t a i n  an  a r i o r i  es t imate  of t h e  r a d i a n t .  

B 

heat flux t o  t h e  s u r f a c e  o -9 tFg-=nmy. 

The easiest  s o l u t i o n  t o  t h i s  problem i s  t o  cove r  t h e  
thermocouples  with a t h i n  l e a t h e r  s k i n  s i m u l a n t  which h a s  
t h e r m a l  and o p t i c a l  p r o p e r t i e s  s i m i l a r  t o  t h a t  of h m a n  
s k i n ,  ( 2 , 6 )  Then, t h e  on ly  mode of hea-t  t r a n s f e r  to .thermo- 
c o u p l e  would he c o n d u c t i v e  and t h e  problems a s s o c i a t e d  .wi th  
r a d i a t - i v e  heat .  t . r a r i s f e r  may be n e g l e c t e d .  

Once t h e  heat.  h a s  been abso rbed  by t h e  l e a t h e r  s k i n  s i m u l a n t ,  
t h e  e q u a t i o n  t h a t  d e t e r m i n e s  t h e  t e m p e r a t u r e  a t  any p o i n t  be1o.i 
t h e  surface i s  t h e  h e a t  conduc t ion  e q u a t i o n ,  

where T i s  t h e  change i n  t e m p e r a t u r e ,  t is  tirfie, x i s  t h e  d is ta r ice  
from t h e  s u r f a c e ,  a n d M  is t h e  d i f f u s i v i t y  of t h e  material. If 
t h e  l e a t h e r  s k i n  s i m u l a n t  h a s  a d i f f u s i v i t y  and t h i c k n e s s  approx- 
i m a t e l y  e q u a l  t o  t h a t  of t h e  human e p i d e r m i s ,  t h e n  w e  may 
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Figure I11 - Relationship Between Rate of Tissue Damage and 
Temperature 

Using this graph the damage rate, d h / d t  , may be found if 
the temperature of the basal epidermal layer of the skin is 
known. If the total damage, n , is greater than 1.0, then 
transepidermal necrosis has occurred. 
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expect that the temperature measured by the thermocouple would 
be the same a.s the temperature of the human skin. The thermal 
properties of the fiberglass dummy, however, will a l s o  affect 
the measured. temperature. A mathematical model is being devel- 
oped to determine what effect the thermal properties of the 
fiberglass will have and how these properties may be corrected.. 
W:hen these corrections are made, the ternpera-Lure at the base 
of the human epidermis may be determined from the temperatuxe 
measured by the thermocouple. 

In 1947, Henriques and Moritz ( 4 , 7  I 8 )  published a series 
of articles on thermal injury and proposed a relationship be- 
tween the temperature at the base of the epidermis and the 
rate of tissue damage. They exposed porcine and human s k i n  
to water at carefully controlled temperatures, and determined 
the amount of time for transepidermal necrosis to occur, Then 
they theoretiea.lly determined t h e  temperature of the basal 
epide.rina.1 layer of the skin and found a relat.ionship between 
this temperature I and the rate of , t i .e,suc.  darnaye. La.ter work 
by Alice Stoll and L.C. Greene(1C) who used radiant energy 
6s a source of heat, indicated that Henriques and Moritz had 
f a i l e d  to account  for the damage that occurred. as the skin 
cooled. The slightly modified relationship pr'uposed by Stall 
and Greene between temperature arid the rate of t i-ssue clama.ge 
is presented in Figure 111. Referring to this Figure, it 
may be seen that tissue damage occurs very slowly at 44OC 
( i l l . O F )  while the epidermis is destroyed in less than one 
second if the temperature of the basal epidermal layer exceeds 
5 8 r' L fF (135CF). Although there is some question about the 
eceuracy of this relationship, i-t may be used to estimate 
t i s s x e  damage fxom the corrected temperature. 

From these considerations, it is possible to describe a 
procedure that may be used to determine the tissue damage a 
human would suffer. Several thermocouples of variGus sizes 
are mounted close to one another on the surface of t h e  
manikin and covered with a thin layer of the leather skin 
simulant. Corrected thermocouple readinys take into account 
the thermal characteristics of the manikin and the simulant. 
From this corrected temperature, the rate of t i s s u e  darnage 
is determined at any given time. By integratinq tlhe rate of 
tissue damage as the manikin moves through the fire, and by 
allowing for the damage that would occur as the skin cooled, 
the total tissue damage is determined. lii addition t3 the 
thermocouples, a radiometer and a. calorimeter a r e  mounted OII 
the manikin to determine the radiant heat flux and the total 
heat flux to the surface of the manikin. A knowledge of the 
relative proportion of radiant, convective, and corductive 
heat flux will be invaluable for engineering design of flight 
suits. 

18 

C 



PART IV 

MANAGEMENT CONSIDERATIONS 

While the preceeding sections have demonstrated that a 
sophisticated thermal evaluation facility is compatible with 
the state-of-the-art, a discussion of this matter would not 
be complete without addressing some of the managerial problems 
associated with such a facility. 

COSTS 
, 

6 

It is apparent that construction and instrumentation costs 
will be high. Current cost estimates are as follows: 

COST ESTIMATES 

A .  

B .  

Total funds 
allocated - $140,000.00 
Cost of Phase I - 27,000.00 
Funds now 
avai 1 ab 1 e - 113,000.00 

Minimum Maximum 
Cost of basic 
simulation cell 
(includes specifi- 
cations) - 

Cost of Instrumen- 
tation (includes 
gas) - 
Administrative and 
Miscellaneous - 

$100,000.00 $125,000.00 

62 ,000.00  123,000.00 

5,000.00 15 ,000 .OO 

Sub-Total $167,000.00 $263,000.00  

First year's operation costs 30,000 .OO 50,000.00 

4 

TOTAL $197,000.00 $313,000.00 
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Past experience has demonstrated that even the best cost 
estimates are poor when a unique device is to be constructed. 
It is virtually impossible to predict all the possible problems 
that may arise. While it is our opinion that all problems can 
be overcome, the cost of such solutions cannot be predicted in 
advance. 

Once the facility becomes operational, maintenance costs 
will not be excessive, but they will be significant. Skilled 
personnel are essential and will be a source of constant expense 
- whether or not the facility is in use. Maintenance of sophis- 
ticated electronic instrumentation will be a source of continual 
expense. Sensing devices will require a relatively frequent re- 
placement as will fuel and other routine supplies. It is esti- 
mated that $30,000 to $50,000 per annum will be a minimum cost 
necessary to maintain a reliable, responsive facility. Frequent 
usage would increase this figure significantly but would re- 
duce the cost per unit evaluated. 

* 

PERSONNEL 

At the onset of Phase I1 it is essential that two full-time 
civilian employees be obtained. An individual with training 
and experience in Mechanical Engineering and Thermodynamics 
must be obtained immediately. He should be intimately 
involved in the construction of the facility and be entirely 
responsible to the USAARL Commander for its management and 
operation when construction is completed. At a later time, 
but prior to completion of construction, an individual trained 
and experienced in Electrical Engineering and Data Processing 
must be obtained. He will be responsible for maintenance and 
operation of data collection and analysis systems. These 
two permanent civilian employees are necessary on a full-time 
basis. While military personnel with the necessary capability 
could be obtained, the lack of continuity and experience, as 
well as conflicting duties, would place reliability and res- 
ponsiveness at an unacceptable level. Additional assistance 
will be required other than the two civilian employees and 
this can be provided by military personnel. If instrumenta- 
tion maintenance is performed on a service contract basis, 
perhaps one full-time employee will suffice. This matter 
will require a policy decision early in the construction phase. 

UTILIZATION 

Certain policy decisions regarding utilization must be 
made at this point. If the facility is to be used primarily 
for operational testing of clothing ensembles and cockpit 
components, then the emphasis must be upon economy, sim- 
plicity, and durability. If, the facility is used to a 
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significant extent for basic and applied research on the bio- 
logical effects of fires, then the emphasis must be upon 
flexibility and reliable instrumentation. For example, if 
the primary interest is to be the measurement of heat flux 
to skin, then the cost of gas measurement certainly exceeds 
benefits to be derived. If the facility is to be used to 
study the effects of fire on other organ systems than the 
integument, then gas measurement is essential. 

In short, we must determine if the facility will be used 
as a dramatic method of demonstrating fabric characteristics, 
or if it will be used as a tool for the study of the basic 
physiology of man exposed to fire. This policy decision will 
have a significant effect upon instrumentation and cost, and 
ultimately upon the benefits to be derived from the facility. 

. 

LOCATION AND MANAGEMENT 

Agreement as to location and command control must be clearly 
settled. At this point it must be candidly considered that a 
number of DOD agencies feel a vested interest ia a facility 
like this one. Other agencies have been engaged in fabric 
evaluation for a prolonged period of time. USAARL, however, 
has maintained a broad interest in the medical, physiological, 
and engineering aspects of aircraft fires. The agency which 
will manage such a facility should build it. All testing of 
thermal protective garments must ultimately be related to 
human burn protection. For such testing to be valid, only 
medical personnel with an operationally oriented bioengineering 
approach are qualified to make such medical inferences. Such 
a capability exists in the Bioengineering Division of the US 
Army Aeromedical Research Laboratory. The facility should be 
available to all DOD/Federal agencies with a valid need for 
it. In addition, it should be available to non-government 
institutions, if the primary mission permits, on a fee for 
service basis. 

The question of modification of an existing facility will, 
of course, be raised. Since the contemplated facility approaches 
the problem in a unique manner, none of the existing facilities 
could be modified to meet the requirements of this facility. 

existing facility but no particular advantage or disadvantage 
to this course of action is recognized. Wherever such a faci- 
lity is located, meaningful medical review and correlation, 
as defined in the preceeding paragraph, is essential. It is 
desirable, but not essential, that it be located where such a 
medical capability exists. 

Naturally this facility could be built, at the location of an 
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MISCELLANEOUS CONSIDERATIONS 

The provisions of Public Law 91-190 regarding air pollution 
require consideration. While this consideration is not likely 
to present a major problem, it is possible that administrative 
delays may result. 

Fire and explosion safety have been considered in design 
but will require administrative approval and could conceivably 
cause delay in beginning construction. 

. 
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PART V 

CONCLUSIONS AND PiECOMMENDATIONS 

CONCLUSIONS 

1. I t  is reasonably  t e c h n i c a l l y  f e a s i b l e  t o  c o n s t r u c t  a 
f a c i l i t y  which can uniformly reproduce t h e  c o n d i t i o n s  found 
i n  a JP-4 f i r e .  

2.  I t  is  p o s s i b l e  t o  u t i l i z e  informat ion  ob ta ined  from exposure 

burns  which would occur  i f  a human w e r e  exposed t o  t h e  same 
c o n d i t i o n s .  

3 .  The cost  of such a f a c i l i t y  w i l l  be high and j u s t i f i a b l y  
dependent upon in tended  u t i l i z a t i o n .  

0 of c l o t h i n g  ensembles t o  such a f i r e  t o  p r e d i c t  p robable  human 
* 

4. In format ion  de r ived  from o p e r a t i o n a l  t e s t i n g  i n  such a 
f a c i l i t y  would n o t  provide  an order-of-magnitude improvement 
i n  c u r r e n t  methods. W e  b e l i e v e  t h a t  t h e  cost  of a f a c i l i t y  
f o r  pu re ly  o p e r a t i o n a l  t e s t i n g  exceeds t h e  recognized b e n e f i t s  
t o  be  d e r i v e d .  

5. I t  is  e s s e n t i a l  t o  o b t a i n  a f u l l - t i m e  c i v i l i a n  employee 
a t  t h i s  t i m e  and an a d d i t i o n a l  employee p r i o r  t o  comple t ion ,  
of t h e  f a c i l i t y .  

6. C e r t a i n  p o l i c i e s  must be  c l e a r l y  e s t a b l i s h e d  p r i o r  t o  
implementation. Informat ion  has  been provided t o  form t h e  
b a s i s  f o r  t h e s e  d e c i s i o n s .  

7 .  The f a c i l i t y  cannot  be cons t ruc t ed  i n  accordance wi th  
o r i g i n a l  t i m e  schedules .  

SOME ALTERNATIVES - 
Some or' t h e  recognized a l t e r n a t i v e s  a r e  l i s t e d ,  n o t  

n e c e s s a r i l y  i n  o r d e r  of p re fe rence .  

1. Proceed a s  o r i g i n a l l y  planned,  b u i l d i n g  a f a c i l i t y  as 
designed by Enertech and: 

a. Minimize c o s t s  and use  pu re ly  as a demons t r a t ion / t e s t  
* device .  

b. Maximize f l e x i b i l i t y  and r e l i a b i l i t y  and p l an  t o  u s e  
f a c i l i t y  f o r  bo th  r e s e a r c h  and t e s t i n g .  
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2. Discontinue project and: 

a, Further develop bioassay method developed at U S M R L  
by Knox et al. 

b. Attempt to build semi-open fire pit designed to 
decrease wind effects, eliminating effects of water pool 
and using mrrent methods of Waldron et a1 for quantification. 

c. Utilize current facilities and methods. 

RECOMMENDATIONS 

The wisdom of constructing a fuel fire simulation c e l l  
has not been clearly established. Because of the high c o s t ,  
the multitude of bioengineering complexities and problems, 
and because far less expensive laboratory methods produce 
much of the data that would be provided by the simulation 
cell, USAARL does not consider construction of the facility 
at this time to be a prudent expenditure of public funds. 
Further evaluation of less expensive bioassay methods and 
better biomedical correlation of existing methods are con- 
sidered more reasonable approaches. Continued development 
of Phase I1 & 111, as currently conceived, is not recommended. 
If further development of this program is pursued, however, 
a sophisticated medical input by qualified operationally 
oriented bioengineering personnel is essential. 

. 
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This  r e p o r t  p r e s e n t s  t h e  r e s u l t s  of a s t u d y  t o  de te rmine  

t h e  f e a s i h i l i t v  of s i m u l a t i n g ,  w i t h i n  an enc losu re ,  t h e  thermo- 

chemical  nnvirotwpznnt which exists in a J4-4 fuel fire following 

t h e  er3s.h of an ai.rcr'fta. 

?- c s e n t  comparat ive t e s  tiny t echn iques  of t h . e  pr!itect,ion 

crffer.o.:l k y  various garments s u f f e r  f r m  t h e  i n a b i l i t y  t o  a.ccusra",.tly 

repr~.::.iuc~ t n e  fir;: environment f r o m  test t o  test e i t h e r  because 

+f : . . l l~~ ' *  i i  -:013 able v a r i a b l e s  such as wind speed and/or s e v e r e  

..<-. u...i;hin an enclosure, c o n s i d e r a b l y  s m a l l e r  i n  s i z e  than  an , -  

a;: '- .Lrln.L ilelii f ~ r e ,  requires a e t e r m i n a t i o n  of 

. Those v a r i a b l e s  which i n f l u e n c e  t h e  f i r e  thermal  
and chemical  environment. 

. E e f i n i t i o n  of t h e  Worst Credible  Environment l i k e l y  
t o  be encountered.  

3evelopinent of an a n a l y t i c a l  model, capab le  of pre- 
d i c t i n g  a f i e l d  f i r e  thermo-chemical environment,  
w h i c h  can  then  be used t o  determine t h e  requi rements  

- b f .  an eiicrrxed facility which u i l l  reproduce this 
1 J ironment . 

.I c. .... . . .- r,  - 0 
s.3.;. ., ,. . : , i t c d  in .  t h i s  r e p o r t .  Based 0.7 t h e s e  r e s u l t s  F.2 ha:.. beep. 
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I.. I MTRClBUC TI ON 
-1__- 

The c r a s h  of an a i r c r a f t  may invo lve  s p i l l a g e  of  f u e l  

from r u p t u r e d  f u e l  t a n k s  and f u e l  l i n e s .  A f r i c t i o l l a l  or  

e l e c t r i c a l  spa rk  o r  hea ted  s u r f a c e s  can ,:ause t h e  s p i l l e d  f u e l  

t o  i g n i t e .  

immobilized t h e y  may have t o  seek escape  through t h e  f laming  

f u e l  and t h e  degree  and e x t e n t  of burns  t h e y  r e c e i v e  w i l l  depend 

upon t h e  thermal  p r o t e c t i o n  provided by t h e i r  garments. 

f o r  comparative t e s t i n g  of t h e  p r o t e c t i v e  q u a l i t i e s  of v a r i o u s  

garments i s  t h e r e f o r e  e v i d e n t .  However, because of  t h e  uncon- 

t r o l l a b l e  n a t u r e  of t h e  wind speed and d i r e c t i o n ,  comparat ive 

t e s t i n g  of garments i n  l a r g e  open f i r e s  i s  n o t  l i k e l y  t o  be 

r e l i a b l e ,  excep t  on a s t a t i s t i c a l  basis which would r e q u i r e  a 

l a r g e  sample of t es t s  and would, t h e r e f o r e ,  be expensive.  Thus, 

t h e  concept  of an enc losed  f i r e  n a t u r a l l y  arises and t h e  Ene r t ech  

Corpora t ion  of New York was c o n t r a c t e d  t o  under take  a s t u d y  t o  

determine t h e  f e a s i b i l i t y  of  c o n s t r u c t i n g  a F i e l d  Fire Simula t ion  

C e l l  (FFSC) which would enab le  meaningful  comparat ive t e s t i n g  of  

t h e  f i r e  p r o t e c t i o n  o f f e r e d  by v a r i o u s  garments.  The o b j e c t  of 

t h i s  work was t o  d e f i n e  t h e  requi rements  of an FFSC and t o  recom- 

mend a conceptua l  des ign  which would p rov ide  t h e  necessa ry  thermo- 

chemical environment f o r  comparat ive t e s t i n g .  

I f  t h e  p i l o t  or crewmembers of  such  a c r a s h  are n o t  

The need 

The requi rements  of an enc losed  f i r e  f a c i l i t y  a r e  t h a t  

1. 



. I t  create a fire environment c o n s i s t e n t  w i t h  t h a t  
encountered  i n  a f i e l d  f i r e  foll-owing an a i r c ra f t  
crash. 

It  be capab le  of p rov id ing  t h i s  environment on a 
c o n s i s t e n t l y  r e p r o d u c i b l e  basi.s - 

. 

I t  i s  obvious t h a t  JP-4  or o the r  f u e l  can be burned in 

an enc losu re .  However, t h e  tempera ture ,  chemis t ry  and heat 

t r a n s f e r  t o  an ins t rumented  manikin clothed i n  t h e  t es t  garment 

w i l l  be fa r  removed f r o m  a c t u a l  f i e l d  c o n d i t i o n s  u n l e s s  care i s  

t aken  t o  provide  t h e  proper  ra te  of a i r  i n j e c t i o n  i n t o  t h e  f i r e  

and heat t r a n s f e r  f r o m  the f i r e .  This is confirmed by t h e  f a c t  

that a d i a b a t i c  flame tempera tures  for hydrocarbon f u e l s ,  under- 

going complete r e a c t i o n  w i t h  s toichior ie t r ic  p r o p o r t i o n s  of a i r ,  

range  between 4000 and 5000°F, whereas measured t empera tu res  i n  

open JP-4  f i e l d  and l a b o r a t o r y  f i r e s  range  between 1500°F and 

2400°F. These lower tempzra tures ,  c h a r a c t e r i s t i c  of f i e l d  f i r e s ,  

are t h e  r e s u l t  of incomplete  combustion and h e a t  losses t o  t h e  

environment. Therefore, r e g u l a t i o n  of a i r  supply  t o  t h e  FFSC 

and t h e  c o n t r o l  of heat t r a n s f e r  from t h e  flames r e q u i r e d  a 

de t a i l ed  examinat ion before t h e  f e a s i b i l i t y  of s i m u l a t i n g  f ie ld  

fire c o n d i t i o n s  could  be established. 

The techaical  de ta i l s  of t h i s  program, a long  w i t h  i t s  con- 

c l u s i o n s  and recommendations, are p r e s e n t e d  i n  t h e  succeeding  

c h a p t e r s  of t h i s  r e p o r t .  

2.  



A combined exper imenta l  and a n a l y t i c a l  program w a s  estab- 

l i s h e d  t o  determine t h e  f e a s i b i l i t y  of  s i rnu la t ing  i n  an enc losed  

f i r e  t es t  ce l l  (FFSC), t h e  f i e l d  f i r e  environment fo l lowing  an 

. 

I 

aircraf t  c ra sh .  This  program c o n s i s t e d  of 

. Reviewing p rev ious  s t u d i e s  of c r a s h  f i r e s  t o  e s t a b l i s h  
t h e  thermo-chemical environment t o  be expec ted  fol low- 
i n g  an a i rc raf t  c r a s h  c h a r a c t e r i z e d  by 

(i) high p r o b a b i l i t y  of impact s u r v i v a l  and 

(ii) high  f i r e  r i s k .  

. Supplemental experiments  t o  provide  data  n o t  a v a i l -  
able i n  the publ i shed  l i t e r a t u r e .  

. Development of an a n a l y t i c a l  model, c o n s i s t e n t  w i t h  
f i e l d  t e s t  data ,  which would be s u i t a b l e  f o r  estab- 
l i s h i n g  t h e  requi rements  of an FFSC. 

. Conceptual des ign  c o n s i d e r a t i o n s  which would r e s u l t  
i n  a f a c i l i t y  capable  of p rov id ing  t h e  t h e o r e t i c a l  
requi rements  f o r  s i m u l a t i o n  of c r a s h  f i r e  c o n d i t i o n s .  

It  w a s  clear from t h e  i n i t i a t i o n  of t h i s  f e a s i b i l i t y  s t u d y  

t h a t  many v a r i a b l e s  p r e s e n t  i n  an a c t u a l  f i e l d  f i r e  r e s u l t i n g  

from an a i r c r a f t  c r a s h  were of a randoin n a t u r e  and cou ld  n o t  be 

meaningfu l ly  s imula t ed  in e i t h e r  open f i e l d  or FFSC t e s t i n g .  

Inc luded  among such randoin v a r i a b l e s  are 

. Wind speed . Wind d i r e c t i o n  

. Nature and e x t e n t  of f u e l  spread and/or spray . T e r r a i n  topology . . Degree of protection o f f e r e d  by t h e  c o c k p i t  b e f o r e  t h e  
N a t u r e  of t h e  s o i l  and./or f o l i a g a  i n  t h e  v i c i n i t y  of t h e  f i r e  

p i l o t  emerges into thc flames 
Time f o r  p i l o t  t o  r c a c t  t o  f i r e  environment 

3 .  



All of t h e  above v a r i a b l e s  are beyond t h e  c o n t r o l  of  t h e  

exper imenter  i n  a f i e l d  f i r e .  Nonethe less ,  t h e y  de termine  t h e  

n a t u r e  ( tempera ture ,  chemis t ry ,  e tc . )  of a s p e c i f i c  fire or t h e  

degree  of  i n j u r y  s u s t a i n e d .  An FFSC c o u l d  be b u i l t  which pro- 

v i d e s  f l e x i b i l i t y  f o r  a d j u s t i n g  t h e s e  independent  ( i n p u t )  

v a r i a b l e s ,  b u t  t h e r e  i s  no priori b a s i s  fo r  t h e i r  p r e s c r i p t i o n  

due to t h e i r  random n a t u r e  under a c t u a l  f i e l d  c o n d i t i o n s .  An 

e a r l y ,  fundamental ,  d e c i s i o n  was t h e r e f o r e  made t o  avoid simu-,  

l a t i n g  these v a r i a b l e s .  I n s t e a d ,  s i n c e  i t  is the  r e l a t i v e  fire 

p r o t e c t i o n  offered by various garments t h a t  i>s of i n p o r t a n c e ,  it 

w a s  dec ided  t o  seek a d e f i n i t i o n  oE t h e  w o r s t ,  but real i .s t ic ,  

fire environment t o  which a p i l o t  o r  crewinember m i g h t  be exposed. 

This  c o n d i t i o n  i s  r e f e r r e d  t o  as t h e  Worst C r e d i b l e  Environment 

(WCE?. 

I n  o r d e r  t o  e s t a b l i s h  t h e  WCEI a thorough l i t e r a t u r e  survey 

cove r ing  a i r c r a f t  f i r e s  and a i r c r a f t  f u e l  f i r e s  w a s  under taken .  

Th i s  m a t e r i a l  i s  d i s c u s s e d  i n  Chapter 111, b u t  t h e  i nconc lus ivcness  

and c o n t r a d i c t o r y  ev idence  t o  be draw9 from t h e  various references 

r e q u i r e d  t h e  performance of a large f k P d  test by E n e r t c c h  i n  

coope ra t ion  w i t h  t h e  U.S. Army Aero--Medical Research Labora tory  

a t  F o r t  Rucker, Alabama on December 23, 1970. This  test is 

d e s c r i b e d  comple te ly  i n  Chapter  I V .  The main c o n c l u s i o n s  from 

t h e  l i t e r a t u r e  survey  and f i e l d  test  w e r e  : 

4. 



The f i r e  t r a n s i e n t  i s  on t h e  order of 20 seconds 
and, as exp la ined  below, t h e  p e r i o d  of g r e a t e s t  
in te res t  f o r  t h i s  s t u d y  is from 20 - 50 seconds 
("s teady  s ta te"  p e r i o d ) .  

. The f i r e  temperature g r a d i e n t  n e a r  t h e  l i q u i d  
pool i s  ve ry  l a r g e  (on t h e  o r d e r  of 1000°F per 
f o o t )  and a maximum "s t eady"  tempera ture  of 
2000 - 2200°F i s  reached a t  approximately t w o  feet .  

. Over t h e  remaining h e i g h t  of i n t e r e s t  (up t o  10 
feet)  t h e  tempera ture  does n o t  change markedly, 
i . e . ,  from two f e e t  t o  t e n  f e e t  above t h e  pool  
t h e  f i r e  i s  v i r t u a l l y  i so the rma l .  

. Transverse  tempera ture  g r a d i e n t s  are s m a l l  e x c e p t  
n e a r  t h e  f i r e  p e r i p h e r y  where t h e  tempera ture  i s  
lower t h a n  i n  t h e  core. (Within t h e  f i rs t  s i x  inches  
t h e  p e r i p h e r a l  t empera ture  may be s l i g h t l y  h ighe r  
t h a n  t h e  core tempera ture . )  

. Radiant  h e a t  l o s s e s  t o  t h e  sur rounding  environment 
of t h e  f i r e  are s i z e a b l e  and cannot  be n e g l e c t e d  
i n  t h e  a n a l y t i c a l  p r e d i c t i o n  of t h e  f lcme tempera tures .  

. Pool fires performed on a water base t e n d  t o  have 
r e s u l t a n t  tempera tures  lower than  a c t u a l  d r y  ground 
f i e l d  f i r e s .  

On t h e  basis of t h i s  i n fo rma t ion ,  t h e  t h e r m a l  d e s c r i p t i o n  of a 

WCE w a s  formulated.  S ince  f i r e  t empera tu res  d u r i n g  t h e  t r a n s i e n t  

p e r i o d  (first 20 sec.) are less t h a n  t h e  " s t eady"  t empera tu res  

and s i n c e  a c r a s h  v i c t i m  cannot  s t a r t  running  a t  t i m e  zero ,  i . e . ,  

when t h e  f i r e  starts, t h e  t empera ture  f o r  WCE was t aken  as t h e  

" s t eady  s t a t e "  d i s t r i b u t i o n .  Likewise,  because t h e  e x t e n t  of 

t h e  a c t u a l  c r a s h  f i r e  cannot  be p r e d i c t e d  2 prior i  and because 

running  speed may be i n f l u e n c c d  by t h e  n a t u r e  of i n j u r i e s  s u s -  

t a i n e d  during t h e  crash, t h e  c o o l e r  f i r e  p e r i p h e r y  was neg lec t ed  

5. 
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i n  t h e  d e f i n i t i o n  of t h e  WCE. R a t h e r  t han  accoun t  fo r  t r a n s v e r s e  

t e m p e r a t u r e  v a r i a t i o n s  n e a r  the f i r e  p e r i p h e r y  and v a r i a b l e  

r u n n i n g  speeds, it was decided t o  a l l o w  t h e  f i r e  exposure  t i m e  

of t h e  manik in  i n  t h e  recommended FFSC t o  he a p r e - s e t  variable 

from 3 t o  30 seconds .  

I n  a d d i t i o n  t o  t h e  t h e r m a l  d e s c r i p t i o n ,  i t  w a s  n e c e s s a r y  

t o  prescribe t h e  chemical envi ronmznt  i n  t h e  WCE. N o  de t a i l ed  

chemica l  compos i t ion  of f i res  w a s  avai lable  and i t  w a s  not  

feasible t o  measure compos i t ion  i n  a f i e l d  f i re .  However, it was 

found t h a t  fo r  f i res  above a l i q u i d  p o o l  t h e  flames are oxygen 

d e f j - c i e n t  i n  t h e  "steady s t a t e "  period, whereas  i f  the fuel is 

sprayed as droplets  o r  a m i s t  and i g n i t e d  under  c r a s h  c o n d i t i o n s ,  

t h e  m i s t  will be f u e l  l e a n  and l a r g e r  t e m p e r a t u r e s  may be 

achieved .  Howcver, t h e  m i s t  i s  q u i c k l y  consumed, b u r n i n g  f o r  

only approx ima te ly  28 seconds  after i g n i t i o n .  !.list fires have 

n o t  been c o n s i d e r e d  i n  t h i s  report s i n c e  the i . r  o c c u r r e n c e  i s  

u n p r e d i c t a b l e  and t h e y  can  be e x p e c t e d  t o  l a s t  for no more t h m  

20 seconds .  Durj-ng t h i s  p e r i o d  of time, t h e  pool f i r e  is i n  the 

t r a n s i e n t  phase  and soine cockpit p r o t e c t i o n  is probable. There- 

fore  m i s t  f i r e s  do n o t  c o n t r i b u t e  t o  t h e  WCE. 

The d e v i a t i o n  of actual flame t e m p e r a t u r e s  from t h e  adiabatic 

flame temperature, as ment ioned  earlier, i s  t h e  r e s u l t  of h e a t  

l o s s e s  t o  t h e  s u r r o u n d i n g s  and n o n - s t o i c h i o r n e t r i c  cornbugtion. 

Fur thermore ,  t h e  b u r n i n g  of an object  or  garment  i n  a f i re  is 

6. 
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i n f l u e n c e d  by t h e  envi ronment  i t  " s e e s ,  " i . e . ,  t h e  l o c a l  f i r e  

t e m p e r a t u r e  c h e m i s t r y .  Merely p r o v i d i n g  t e m p e r a t u r e s  and  

h e a t  f l u x e s  which s i m u l a t e  t h o s e  o f  a f i e l d  f i r e ,  a s  could be 

done i n  a r a d i a t i o n  f u r n a c e ,  would t h e r e f o r e  be u n a c c e p t a b l e .  

(Such f u r n a c e s  are  a c c e p t a b l e  o n l y  f o r  t e s t i n g  t e m p e r a t u r e  

r e s p o n s e s  o f  non-combust ib le  ob jec ts . )  

I n  o r d e r  t o  e s t a b l i s h  t h e  f i r e  c h e m i s t r y  which  would be 

r e q u i r e d  i n  t h e  FFSC, a n  a n a l y t i c a l  model which  a c c o u n t s  f o r  

t h e  chemica l ,  t h e r m a l  and  hydrodynamic b e h a v i o r  of t h e  f i e l d  

f i r e  was deve loped .  T h i s  model, deve loped  i n  C h a p t e r  V, i n -  

c o r p o r a t e s  t h e  e x p e r i m e n t a l l y  d e t e r m i n e d  f i r e  t e m p e r a t u r e  and,  

i n  a d d i t i o n ,  d e s c r i b e s  t h e  major  c h e m i c a l  components of t h e  

plume g a s e s .  An a n a l y s i s  w a s  t h e n  pe r fo rmed  on t h e  FFSC t o  

d e t e r m i n e  t h e  a i r  i n j e c t i o n  r a t e  r e q u i r e d  t o  e s t a b l i s h  t h e  

t e m p e r a t u r e  and  c h e m i s t r y  o f  t h e  FJCE. 

The h e a t  exchange from t h e  f l a m e s  t o  t h e  FFSC w a l l s  w a s  

found t o  be q u i t e  d i f f e r e n t  from t h e  h e a t  exchange be tween a 

f i e l d  f i r e  and i t s  c o l d  s u r r o u n d i n g s .  A c a r e f u l  s t u d y  of t h e  

i n f l u e n c e  of t h e  c e l l  w a l l s  on t h e  f i r e  environiilent was t h e r e f o r e  

u n d e r t a k e n .  T h e o r e t i c a l  c o n s i d e r a t i o n s  l e a d i n g  t o  a s p e c i f i c a . t i o n  

of t h e  w a l l  r e q u i r e m e n t s  a r e  d i s c u s s e d  i n  C h a p t e r  VII and t h e s e  

r e q u i r e m e n t s  w e r e  i n c o r p o r a t e d  i n t o  t h e  p roposed  FFSC c o n c e p t u a l  

d e s i g n .  

The h e a t  t r a n s f e r  r a t e  between t h e  f i r e  and FFSC w a l l s  w i l l  

be d i f f e r e n t  t h a n  l-ietween a f i e l d  f i r e  and i t s  env i ronmen t .  With 
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t h i s  a d j u s t m e n t  the a n a l y t i c a l  model t h e n  allowed fo r  the 

d e t e r m i n a t i o n  of the a i r  r e q u i r e m e n t  i n  t h e  FFSC. 

A d d i t i o n a l  detai l s  p e r t a i n i n g  t o  t h e  e n t r a n c e  and  egress 

of t h e  manik in ,  t h e  proper base on which t o  prepare t h e  J P - 4  

pool and f i r e  e x t i n c t i o n  w e r e  t h e n  c o n s i d e r e d  before a r r i v i n g  

at an FFSC conceptual design. T h i s  d e s i g n  w i l l  e n a b l e  a l l  of 

t h e  essent ia l  aspects of t h e  WCE t o  be e s t a b l i s h e d  i n  t h e  FFSC 
. 

on a r e p r o d u c i b l e  basis. 
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111. REVIEW OF REL-ATED F E E  TESTS AND F I R E  1,ITERATfJR~ 

L i t e r a t u r e  concerned  w i t h  e x p e r i m e n t a l  programs d e a l i n g  

w i t h  a i r c ra f t  c r a s h  f i r e  s i m u l a t i o n  h a s  been rev iewed and q u a n t i -  

t a t i v e  r e s u l t s  n e c e s s a r y  f o r  FFSC d e s i g n  recommendations w e r e  

found t o  be scarce. The most i m p o r t a n t  q u a l i t a t i v e  and q u a n t i -  

t a t i v e  r e s u l t s  f o r  pu rposes  of  t h i s  s t u d y  are rev iewed i n  t h i s  

c h a p t e r .  

A. CRASH F I R E  SIMULtATION TESTS 

Dur ing  a major c r a s h ,  an a i r c r a f t  i s  s u b j e c t e d  t o  h i g h l y  

d i s r u p t i v e  forces. Mechanical  and s t r u c t u r a l  f a i l u r e  of f u e l  

t a n k s  and h y d r a u l i c  systems may o c c u r ,  c a u s i n g  release of f u e l  

o r  o t h e r  flainrnable l i q u i d s .  F u e l  s p i l l a g e  can  o c c u r  i n  one of  

t h r e e  modes: 

. L i q u i d  . M i s t  . C a r b u r e t e d  f u e l  v a p o r - a i r  m i x t u r e  

L i q u i d  s p i l l a g e s  norrnally t a k e  place when t h e  a i r c ra f t  has come 

t o  res t  and f u e l  s p i l l s  o n t o  t h e  ground where it may be absorbed, 

remain i n  p o o l s  or  r u n  down slopes of t h e  t e r r a i n .  M i s t  or  drop-  

l e t  f low s p i l l a . g e s  occur when l i q u i d  s p i l l i n g  from broken  f u e l  

l i n e s  and tanks i s  d i s p e r s e d  i n t o  l i q u i d  d r o p l e t s  by  t h e  combined 

p r e s s u r e  and v i s c o u s  f o r c e s  of t h e  a i r  s u r r o u n d i n g  t h e  a i r c r a f t .  

Because of d r a g  effects ,  the r n r b s t  environment  moves w i t h  the a i r -  

c r a f t  as it slovrs down. l e a v i n g  a t r a i l  e x t e n d i n g  downwind of t h e  

l i q u i d  spj.llagc location. Carbure t ed  f u e l  v a p o r - a i r  m i x t u r e s  are  

9. 



s p i l l e d  by damage t o  t h e  engine  induc t ion  system. 

s p i l l a g e  is  u s u a l l y  of  l i t t l e  consequence because t h e  s m a l l  

amount of mixture  p r e s e n t  a t  t h e  t i m e  o f  t h e  f a i l u r e  o n l y  causes  

a d e t o n a t i o n  e f f e c t  comparable t o  a s t r o n g  eng ine  b a c k f i r e .  

type  of f a i l u r e  i s  impor tan t ,  t h e r e f o r e ,  o n l y  i n s o f a r  as it can 

cause i g n i t i o n  of l i q u i d  or m i s t  s p i l l a g e s .  

Th i s  k i n d  of 

Th i s  

The bulk  of  t h e  in fo rma t ion  ob ta ined  d u r i n g  t h i s  f e a s i b i l i t y  

s t u d y  d e a l s  p r i m a r i l y  w i t h  experiments  conducted f o r  f u l l - s c a l e  

c r a s h e s  of t r a n s p o r t  and ca rgo  t y p e  a i r c r a f t .  

P inke l ,  P re s ton  and Pesman "'*' of t h e  NACA L e w i s  F l i g h t  Propuls ion  

Laboratories d u r i n g  1949-53 provided  v a l u a b l e  data  on t h e  i n i t i a t i o n  

qnd growth of  a i r c r a f t  f i res .  , 

be w i t h i n  t h e  range  l i k e l y  t o  provide  a h igh  p r o b a b i l i t y  of  impact 

s u r v i v a l  b u t  maximum f i r e  r i s k .  The d i s t r i b u t i o n  of a i r b o r n e  f u e l  

* 

The p ionee r  work of 

These c r a s h e s  were cons ide red  t o  

m i s t  and l i q u i d  s p i l l a g e s  w e r e  s t u d i e d  i n  d e t a i l .  

t h a t ,  i n  g e n e r a l ,  t h e  p r o g r e s s  of t h e  f i r e  a f t e r  i g n i t i o n  of t h e  

f u e l  depends on t h e  l o c a t i o n  of t h e  f u e l  sou rce ,  t h e  d i s t r i b u t i o n  

of  t h e  f u e l  s p i l l a g e  p r i o r  t o  i n i t i a t i o n  of t h e  f i r e ,  t h e  wind 

It  was found 

magnitude and d i r e c t i o n  and t h e  topology of t h e  local  t e r r a i n .  

Genera l ly ,  t h e  f i r s t  f u e l  t o  i g n i t e  i s  t h e  m i s t  envelope which 

may sur round t h e  a i r c r a f t .  Flame p ropaga t ion  speeds  i n  t h e  m i s t  

may be as l a r g e  as 70 f e e t  p e r  second. 

t h e  m i s t  f i r e  is o n l y  on t h e  o r d e r  of 20 seconds,  du r ing  which 

However, t h e  d u r a t i o n  of 

I t inethe f u e l  on t h e  ground has i g n i t e d .  The  flame propagat ion  

speed through t h e  f u e l  on t h e  ground i s  niuch sI.owzr, e s p e c i a l l y  i n  
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t h e  d i r ec t ion  o p p o s i t e  t o  t h e  wind d i r e c t i o n .  

Pr ior  t o  i g n i t i o n ,  combust ible  a i r / f u e l  mix tu res  of ground 

s p i l l  fue l  would be expec ted  on ly  i n  t h e  r e g i o n  close t o  t h e  

ground. I n  t h e  abovementioned c r a s h  s i m u l a t i o n  exper iments ,  a 

combustible vapor detector was used  t o  de termine  t h e  t h i c k n e s s  

1 
of t h e  combust ible  f u e l - a i r  vapor l a y e r  above t h e  ground. Gener- 

a l l y ,  t h e  above ground h e i g h t  of  t h e  combust ible  mixture  w a s  

approximate ly  s i x  inches ,  b u t  v a r i e d  i n  an i n v e r s e  manner w i t h  

wind v e l o c i t y .  The h e i g h t  of t h e  combust ible  mixture ,  p r i o r  t o  

i g n i t i o n ,  w a s  found t o  be h ighe r  i n  t h e  p resence  of nearby o b s t r u c -  

t i o n s ,  a c t i n g  as w a l l s  t o  s h i e l d  t h e  pool  from wind. Th i s  s t r a t -  

i f i c a t i o n  of f u e l / a i r  r a t i o  above t h e  l i q u i d  pool ,  which i s  

i n f l u e n c e d  by t h e  presence  of w a l l s ,  i s  impor t an t  o n l y  i n  t h e  

f i rs t  few seconds of t h e  f i r e ,  b u t  can cause  d i s c r e p a n c i e s  between 

f i e l d  f ires and FFSC f i r e s  dur ing  t h e  e a r l y  s t a g e  of t h e  f i r e  

t r a n s i e n t .  This, however, does n o t  i n f l u e n c e  t h e  cho ice  of t h e  WCE. 

Following t h e  work done by NACA L e w i s  F l i g h t  Propuls ion  

Laboratories, s e v e r a l  a d d i t i o n a l  s imula t ed  c r a s h  f ires w e r e  performed 

by  independent  agenc ie s .  c3'43 However, t h e  main purpose of t h e s e  

i n v e s t i g a t i o n s  was t h e  development of f i r e  f i g h t i n g  equipment and 

l i t t l e  a t t e n t i o n  w a s  given  t o  t h e  deta.i ls  of t h e  thermo-chemical 

9 

environment and i t s  impact on p i l o t  s u r v i v a b i l i t y .  I n  1957 e f f o r t s  

t o  develop numer ica l  r e p r e s e n t a t i o n s  of a f i r e  environment were 

undertaken.  And, i n  1960, on t h e  bas i s  of work r e p o r t e d  i n  c52 
5s 1 
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a series of t es t s  were performed t o  o b t a i n  b a s i c  tempera ture  and 

h e a t  f l u x  ( i r r a d i a t i o n )  d a t a  i n  JP-4 pool f i r e s .  T e s t s  w i t h  f u e l  

s p i l l e d  on d r y  grou.nd and tes t s  w i t h  f u e l  on s e v e r a l  i n c h e s  of 

water w e r e  performed. The purpose of  t h e  water bed w a s  t o  assure 

complete f u e l  coverage of t h e  f i r e  base  a r e a .  Though t h i s  i s  
- 

u n r e a l i s t i c  from t h e  viewpoint  of an a c t u a l  c r a s h - f i r e  s i t u a t i o n ,  

it does provide  a degree  of r e p r o d u c i b i l i t y  which i s  e s s e n t i a l  
I 

e i t h e r  f o r  o b t a i n i n g  thermal  data or comparat ive t e s t i n g .  HoFieverr 

it i s  t o  be expected t h a t  t h e  presence  of a water base w i l l  

c e r t a i n l y  i n f l u e n c e  t h e  f u e l  v a p o r i z a t i o n  r a t e  and t h e r e b y  t h e  

thermo-chemical n a t u r e  of t h e  f i r e .  

The purpose of t h e  i n v e s t i g a t i o n  r e p o r t e d  i n  ref .  662 was 

t o  o b t a i n  f i r e  tempera ture  and i r r a d i a t i o n  data t o  s e rve  as i n p u t  

d a t a  i n  an  analog f i r e  model which was t o  be used fo r  p r e d i c t i n g  

t h e  tempera ture  response  of metal l ic ,  non-combustible objects.  

Temperatures,  as a f u n c t i o n  of p o s i t i o n  and t ine,  w e r e  measured. 

However, because t h e  thermocouples were a t t a c h e d  t o  I - inch-square ,  

1/16-inch t h i c k  s teel  p l a t e s ,  t h e  thermocouple response  t i m e  w a s  

much poorer  t han  fo r  b a r e  thermocouples.  T h i s  had the advantage 

of "dampming" t h e  e f f e c t  of random tecipcrature  f l u c t u a t i o n s  b u t  

also i n v a l i d a t e s  the d a t a  du r ing  the f i r e  t r a n s i e n t .  S teady  s t a t e  

fire t empera turcs  between 1500°F and 2100°F are r e p o r t e d .  

"average" t empera ture  f o r  YP-4 f u e l  f i r e s  of 1850°F is recormended 

i n  re f .  C e ] .  

An 

H O ~ . I C V C ~ ,  t h i s  must be i n t e r p r e t e d  n o t  s o l e l y  i n  t e r m s  
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of a c t u a l  f i r e  t e m p e r a t u r e s  b u t  a lso i n  terms of h e a t  f l u x e s .  

1850°F is t h e  t e m p e r a t u r e  of an e q u i v a l e n t  b l a c k  body r a d i a t i n g  

2 a t  t h e  r a t e  of 49,000 BTU/hr- f t  , which i s  c o n s i s t e n t  w i t h  t h e  

measured v a l u e s  r a n g i n g  from 35,960 t o  47,540 BTU/hr-f t" .  

t h e  basis of Bader ' s  r e s u l t s ,  t h e  S a n d i a  Corp. deve loped  a r a d i a n t  

h e a t i n g  f a c i l i t y  f o r  s t u d y i n g  t h e  effects of a h i g h  t e m p e r a t u r e  

J P - 4  thermal envi ronment  on materials and conpanents .  T h i s  f a c i l i t y ,  

described i n  ref. [77, produces  an  'hverage" t h e r m a l  envi ronment  

which r e s u l t s  i n  49,000 BTU/hr- f t2  f r o m  an  e q u i v a l e n t  b l a c k  body 

s o u r c e  a t  1850OF. Elowever, s i n c e  no f u e l  is a c t u a l l y  burned ,  t h e  

chemica l  environment  of a JP-4 f i re  i s  n o t  s i m u l a t e d  and t h i s  

On 

f a c i l i t y  is t h e r e f o r e  n o t  s u i t a b l e  f o r  t e s t i n g  c o m b u s t i b l e  materials. 

I t  s h o u l d  be mentioned t h a t  i n  ref. f 73 maximum J P - 4  f i r e  temper- 

a t u r e s  as  h i g h  as 2500°F w e r e  quo ted .  

I n  1965 J P - 4  tes ts  w e r e  conducted  b y  Gordon and MclSillan 

T h e i r  f i res  were on a for  t h e  U . S .  Naval Weapons F a c i l i t y . C 8 '  

l i q u i d  base 12 f t  x 24 f t  and water was added c o n t i n u o u s l y  t o  

m a i n t a i n  t h e  f u e l  s u r f a c e  a t  a f ixed l e v e l .  T h e i r  maximum re- 

ported t empera tu re  i s  1700°F, which seems t o  f u r t h e r  c o n f i r m  t h a t  

a water base serves t o  r e d u c e  t h e  f i r e  t e m p e r a t u r e ,  e s p e c i a l l y  

s i n c e  t h e  effect of a d d i n g  cold water t o  m a i n t a i n  t h e  f u e l  l e v e l  

c o n s t a n t  is t o  r e q u i r e  inore of t h e  heat i n c i d e n t  on t h e  f u e l  su r -  

face t o  go into serisible h e a t i n g  of  t h e  water as opposed t o  vapor-  

i z a t i o n  o E  f u . c l .  Cordon and Elci-lillan a l s o  a t t e m p t e d  t o  cleterrnhe 
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t h e  e f f e c t  of i n t r o d u c i n g  a l a r g e ,  i n i t i a l l y  c o l d ,  body i n t o  t h e  

f i r e .  Thcugh t h e i r  r e s u l t s  are inconc lus ive ,  t h e  i n t r o d u c t i o n  

of a 1% f t .  diameter x 9 f t .  long c y l i n d e r  i n t o  t h e  f i r e  appar- 

e n t l y  had no measurable e f f e c t  on t h e  gross f i r e  tempera ture .  

w e r e  conducted 
CsI 

I n  1967 tests r e p o r t e d  by Waldron, e t  a 1  

t o  e v a l u a t e  t h e  e f f e c t s  of s imula t ed  a i r c r a f t  c r a s h  f i r e s  on 

garments a t  t h e  U.S. Army Chemical Cen te r ,  Maryland, which led t o  

t h e  d e s i g n  and o p e r a t i o n  of a f u e l  f i r e  f a c i l i t y  a t  t h e  U.S. Army 

Nat ick  Labs (NLABS) f o r  t h e  purpose of ach iev ing  a more s o p h i s t i -  

cated e v a l u a t i o n  of t h e  f i r e  p r o t e c t i o n  q u a l i t i e s  of garments 

t h a n  w a s  prev ious ly  p o s s i b l e .  Experiments performed a t  t h i s  

f a c i l i t y  and i t s  d e s c r i p t i o n  are r e p o r t e d  i n  r e f .  [lo]. This  

f a c i l i t y  u s e s  a wa te r  bed f o r  t h e  J P - 4  f u e l  and t h u s  s u f f e r s  

t h e  same l i m i t a t i o n s  r e p o r t e d  above. I n  a d d i t i o n ,  t h e  presence 

of a v e r t i c a l  w a l l  a t  one end of t h e  pool  and l o w  l e v e l  wind 

o b s t r u c t i o n s  around t h e  remainder of t h e  pool i n f l u e n c e s  t h e  

behav io r  of t h e  f i r e .  The w a l l  w a s  p rovided  t o  p r e v e n t  pre-  

h e a t i n g  of t h e  c l o t h e d  manikin b e f o r e  i t s  i n t r o d u c t i o n  i n t o  t h e  

f i r e  through swinging doors  i n  t h e  w a l l .  However, it can cause  a 

s e v e r e l y  asymmetric flame envelope.  

h igh  ( w e 1 1  above t h e  head of t h e  manikin)  w h i l e  i n  r e g i o n s  removed 

The flames nea r  t h e  w a l l  can be 

from t h e  w a l l  t h e y  can be much lower, o f t e n  n o t  cove r ing  t h e  manikin. 

I n  a d d i t i o n ,  random wind e f f e c t s  cannot  be e l i m i n a t e d .  As a 

r e s u l t  of t h e s e  factors ,  t h e  manikin o c c a s i o n a l l y  emerges from t h e  
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c. 

f i r e  v i r t u a l l y  unscnthcd or w i t h  l i t t l e  burnA.ng above t h e  

w a i s t .  The d i f f i c u l t y  of o b t a i n i n g  re l iab le  compara t ive  tests 

of t h e  f i r e  p ro tec t ion  q u a l i t i e s  of garments  is t h e r e f o r e  e v i d e n t .  

I n  o r d e r  t o  e s t a b l i s h  t h e  t empera tu re  d i s t r i b u t i o n  i n  a 

f u l l  s c a l e ,  d r y  ground J P - 4  f u e l  f i r e  Ene r t ech ,  I n c .  conducted a 

s i m u l a t e d  ground s p i l l a g e  t e s t  i n  c o o p e r a t i o n  w i t h  t h e  U.S. Army 

Aero-Elcdical Research Labora to ry  a t  F o r t  Rucker,  Alabama on 

December 2 1 ,  1970. T h i s  tes t  and t h e  results o b t a i n e d  from it 

are p r e s e n t e d  i n  Chapter  I V .  

3 
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B. RELATED STUDIES 

I n  a d d i t i o n  to f u l l - s c a l e  c r a s h  f i re  s i m u l a t i o n  tests,  

t h e  1 , t e r a t u r e  w a s  s e a r c h e d  f o r  i n f o r m a t i o n  r e l a t e d  t o  t h e  

development  of an a n a l y t i c a l  model fo r  t h e  f i e l d  and FFSC f i res .  

Some of t h i s  work i s  n o t  specif ical ly  for  J P - 4  f u e l  f i r e s ,  b u t  

is o f  a more u n i v e r s a l  n a t u r e  and i s  s u i t a b l e  fo r  f i r e  model ing  

i n  g e n e r a l .  O t h e r  i n f o r m a t i o n  was s o u g h t  as a specific supp le -  

ment t o  t h e  a n a l y t i c a l  model r e p o r t e d  i n  Chap te r  V. 

Emmons l1*] and H i r s c h f e l d e r  p r e s e n t  s u r v e y  d i s c u s s i o n s  

a d d r e s s e d  t o  t h e  g e n e r a l  problem of model ing d i f f u s i o n  f i res .  

The complex c o u p l i n g  between t h e  hydrodynamic, t h e r m a l  and chemica l  

mechanisms i n  a f i r e  i s  s t r e s s e d  and it is demons t r a t ed  t h a t  

a l t h o u g h  t h e  e q u a t i o n s  gove rn ing  t h e  b e h a v i o r  o f  fires are knDwn, 

much a u x i l i a r y  d a t a  r e q u i r e d  €or implementa t ion  o f  s o l u t i o n  

schemes i s  l a c k i n g .  Fo r  example,  t h e  basic problem of e s t a b l i s h -  

i n g  a s u i t a b l e  i n t e r f a c e  cond. i t ion  between t h e  l i q u i d  p o o l  of 

f u e l  and t h e  f i re  above it h a s  n o t  been r e s o l v e d .  Because t h i s  

i n f o r m a t i o n  i s  l a c k i n g ,  empirical b u r n i n g  r a t e  d a t a  must be used  

i n  any s o l u t i o n  scheme. 

S p a l d i n g  6l4’I d i s c u s s e s  t h e  s c a l i n g  r e q u i r e m e n t s  of f i r e  

models and shows t h a t  t h e  s t r ic t  r e q u i r e m e n t s  of s i m i l a r i t y  

t h e o r y  are so  numerous and r e s t r i c t i v e  t h a t  comple te  model ing  of  

a l l  f i r e  p r o c e s s e s  i s  p r a c t i c a 1 l . y  impossible. F o r t u n a t e l y ,  com- 

plete  s j . d l n r 5 . t y  between a JP-4 f i e l d  f i r e  and FPSC f i r e  i s  n o t  
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I 

r e q u i r e d ;  i n t r o d u c t i o n  of t h e  concept  of a WCE e l i m i n a t e s  t h e  

need f o r  t r a n s i e n t  c o n s i d e r a t i o n s  and r e q u i r e s  o n l y  t h a t  t h e  

local f i r e  tempera ture  and chemis t ry  be s i m u l a t e d .  

The ea r l i e s t  a t t e m p t s  t o  a n a l y t i c a l l y  describe t h e  hydro- 

dynamic, thermal  and chemical f e a t u r e s  of a f i r e  plume are p r e s e n t e d  

i n  t h e  works of N i e l s e n  and Tao ‘15’ and Morton. Though t h e  

method of  t r e a t i n g  a i r  en t r a inmen t  i n  r e f e r e n c e  (159 i s  s u b j e c t  

t o  q u e s t i o n ,  t h e  pr imary  l i m i t a t i o n  of t h e  approach i s  t h a t  it 

r e q u i r e s  2 p r i o r i  knowledge of e x a c t l y  what chemical  c o n s t i t u e n t s  

are i n  t h e  p roduc t s  of combustion. Morton ‘16’ stresses t h e  hydro- 

dynamic a s p e c t s  of f i r e  plumes and though h i s  en t r a inmen t  model 

i s  more s a t i s f a c t o r y  t h a n  t h a t  of Nie l sen  and Tao, he comple te ly  

n e g l e c t s  d e t a i l e d  chemical  c o n s i d e r a t i o n s .  

I t  i s  a l s o  impor t an t  t o  n o t e  t h a t  b o t h  of t h e s e  a n a l y t i c a l  

t r e a t m e n t s  w e r e  i n t ended  f o r  l a r g e  f i r e  plumes (on t h e  o r d e r  of 

thousands  of f e e t  i n  h e i g h t )  and t h e  r e s u l t s  a r e  in t ended  o n l y  t o  

g i v e  r e p r e s e n t a t i v e  average  value’s of f i r e  p r o p e r t i e s .  NO c l a i m  

can be made r e g a r d i n g  l o c a l  accuracy  Which, of cour se ,  is a 

requi rement  of t h e  p r e s e n t  work. Though r e f e r e n c e s  [ 12-16] are 

n o t  d i r e c t l y  a p p l i c a b l e  t o  t h e , f i r e  s i t u a t i o n  r e p o r t e d  h e r e i n ,  

t h e y  d i d  p rov ide  some impetus  f o r  t h e  a n a l y t i c a l  model r e p o r t e d  

i n  Chapter  V. O f  g r e a t e r  u se  i n  supplementing t h i s  a n a l y t i c a l  

model i s  t h e  expe r imen ta l  d a t a  of  r e f e r e n c e s  f17-221. 

ences  [17-201 d a t a  i s  p r e s e n t e d  for  t h e  bu rn ing  r a t e  of r ep resen -  

I n  r c f c r -  

17 



t a t i v e  hydrocarbon f u e l s  i n c l u d i n g  J P - 4 .  Emmons of fe rs  some 

i n s i g h t  i n t o  t h e  d e t a i l s  of  t h e  mechanism b y  which  t h e  f i r e  

v a p o r i z e s  f u e l  from t h e  pool t o  m a i n t a i n  i t s e l f .  However, t h e s e  

t e s t s  w e r e  performed u s i n g  pool diameters of 10 i n c h e s  and less.  

I n  r e f e r e n c e s  rl81 and 11-91 d a t a  f o r  l a r g e  d i a m e t e r  pools i s  

r e p o r t e d  and i s  a p p l i c a b l e  t o  t h e  a n a l y s i s  o f  t h e  FFSC. The 

r e s u l t s  of ref. c18] c o r r e l a t e  w e l l  when t h e  l i q u i d  r e g r e s s i o n  

ra te  is p l o t t e d  a g a i n s t  t h e  r a t i o  o f  h e a t  o f  combust ion t o  h e a t  

of v a p o r i z a t i o n  (see f i g .  3 o f  r e f .  c18]). For JP-4 a burnin.g 

r a t e  o f  4mm/min i s  o b t a i n e d  froin refs .  [l8] and c19]. 

it can  a l so  be deduced from r e f .  [18] t h a t  t h e  dominant  c o n t r i -  

b u t i o n  t o  t h e  i r r a d i a t i o n  of a s u r f a c e  i n  t h e  f i r e  f l a m e s  cones 

from a r e g i o n  w i t h i n  two f e e t  of t h e  s u r f a c e .  T h i s  i s  i n  a g r e e -  

ment w i t h  t h e  s t a t e m e n t  i n  re f .  [ a ]  t h a t  95% o f  t h e  i r r a d i a t i o n  

on a s u r f a c e  i n  a luminous fl-anie comes from a r e g i o n  w i t h i n  two 

fee t  o f  t h e  s u r f a c e .  T h i s  r c s u l - t  w i l l  be r e f e r r e d  t o  a g a i n  i n  

Chap te r  V I I  where t h e  s u r f a c e s  of i n t e r e s t  are  t h e  FFSC w a l l s  and 

t h e  garment  on t h e  manik in .  

I n d i r e c t l y ;  

Re fe rence  6 211 i s  concerned  w i t h  r a d i a n t  and c o n v e c t i v e  

h e a t  t r a n s f e r  e f f e c t s  a t  s u r f a c e s  w i t h i n  t h e  f i r e  and r e f .  [22] 

p r e s e n t s  d e t a i l s  r e g a r d i n g  t h e  r e l e v a n t  r a d i a t i o n  p a r a m e t e r s  

a s s o c i a t e d  w i t h  s o o t  f o r  p u r p o s e s  of e s t a b l i s h i n g  r a d i a t i o n  h e a t  

t r a n s f e r  i n  luminous f lames.  U n f o r t u n a t e l y ,  2 p r i o r i  knowledge of 

t h e  volum-,. f r a c t i o n  of s o o t  is r e q u i r e d  to a p p l y  the results, b u t  
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some q u a l i t a t i v e  effects  c a n  be deduced.  

v a l u e s  f o r  t h e  i r r a d i a t i o n  in JP-4 f u e l  f i res  which  are somewhat 

lower t h a n  t h e  v a l u e s  r e p o r t e d  by Bader .  r63 However, t h i s  may be 

at t r ibutable  t o  t h e  f a c t  t h a t  he used  n o z z l e  c l u s t e r s  r a t h e r  t h a n  

a pool of f u e l  t o  s u p p l y  t h e  f u e l  t o  t h e  f i r e .  

l 2 1 7  luminous flames, t h e  a u t h o r s  

t ransfer  coef f ic ien t  of 4 BTU/hr-ft2-OF. T h i s  i s  i n  agreement  

w i t h  B a d e r ' s  s t a t e m e n t  t h a t  convec t ion  h e a t  t r a n s f e r  in f l a m e s  

is s m a l l  compared t o  r a d i a t i o n  h e a t  t r a n s f e r .  

N e i l 1  e t  a1 c211 o b t a i n e d  

I n  a d d i t i o n ,  f o r  

d e t e r m i n e d  a c o n v e c t i o n  h e a t  

, A 
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IV. RESULTS OF JP-4 DRY GROUND FIELD FIRE TE'ST 

In rev iewing  t h e  l i t e r a t u r e  p e r t a i n i n g  t o  f u l l - s c a l e  J P - 4  

fue l  f i r e s ,  it was e s t a b l i s h e d  t h a t  a l though  many c a r e f u l  f i e l d  

tes ts  had been performed by o t h e r  i n v e s t i g a t o r s  ( r e f s .  C1-811, 

t h e y  a l l  s u f f e r  from a t  l e a s t  one of two d e f i c i e n c i e s  from t h e  

viewpoint  of e s t a b l i s h i n g  t h e  WCE. These t w o  d e f i c i e n c i e s  are 

1. U n r e l i a b l e  t r a n s i e n t  d a t a  

2. U s e  of a water  base 

The need fo r  reasonably  re l iab le  t r a n s i e n t  d a t a  i s  n o t  t o  es tabl ish 

t h e  t r a n s i e n t  t h a t  t h e  FFSC shou ld  match. Rather ,  i t  i s  t o  

determine whether or n o t  t h e r e  can be a s i g n i f i c a n t  overshoot  of 

t h e  long  t i m e  (more t h a n  one minute)  f i r e  t empera tu res  for  a 

s u b s t a n t i a l  p o r t i o n  of t h e  t r a n s i e n t  pe r iod .  Th i s  i n fo rma t ion  is, 

of cour se ,  necessa ry  t o  e s t a b l i s h  t h e  W E .  

U s e  of a water  base, a s  d i s c u s s e d  i n  Chapter  111, can be 

expected t o  reduce t h e  ra te  of f u e l  v a p o r i z a t i o n  compared t o  the 

evapora t ion  r a t e  f r o n  d r y  ground. Th i s  w i l l  r educe  t h e  measured 

f i re  t empera tu res  and t h e r e b y  lead t o  a n  unde res t ima te  of t h e  WCE. 

Because of t h e s e  two d e f i c i e n c i e s  i n  data  d e r i v e d  from 

p r e v i o u s l y  performed tes ts  and t h e  r e s u l t a n t  u n c e k t a i n t y  i n  

s p e c i f y i n g  t h e  FJCE, it was necessa ry  t o  perform a f i e l d  t e s t  which 

avoided t h e s e  l i m i t a t i o n s .  500 g a l l o n s  of  JP-4 f u e l  were sp read  

over  an 1 8 ' x 3 0 '  area l i n e d  e n t i r e l y  w i t h  a canvas.  The purpose 

of t h e  canvas was t o  p r e v e n t  seepage of  t h e  f u e l  i n t o  t h e  ground 
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b e f o r e  i g n i t i o n  and d u r i n g  t h e  e a r l y  phase  of t h e  f i re .  Though 

approx ima te ly  h a l f  of t h e  f u e l  l e a k e d  th rough  h o l e s  and seams 

i n  t h e  canvas  and though t h e  f u e l  base w a s  n o t  p e r f e c t l y  h o r i z o n t a l ,  

care w a s  t a k e n  t o  a s s u r e  comple te  cove rage  of t h e  t e s t  area by 

n o t  less t h a n  % i n c h  of f u e l  p r io r  t o  i g n i t i o n .  Tempera tures  were 

rn measured a t  s ix  l o c a t i o n s  i n  t h e  f i r e  by 30-gauge chromel-alumel 

thermocouples .  The ther inocouple  w i r e s  w e r e  s h e a t h e d  i n  1/16 i n c h  

O.D. s t a i n l e s s  s t ee l  w i t h  o n l y  t h e  measur ing  j u n c t i o n  exposed  t o  

t h e  f i re .  These thermocouple  p robes  were s u p p o r t e d  on two f i e l d  

assembled r a k e s  i d e n t i f i e d  as A and B i n  f i g .  I V - 1 .  The two 

thermocouple  r a k e s  w e r e  i d e n t i c a l  and w e r e  c o n s t r u c t e d  from t h r e e  

3/4" s c h e d u l e  40 g a l v a n i z e d  pipe sections. The pipe s e c t i o n s  were 

j o i n e d  by Tees and t h e  thermocouple  probes p r o t r u d e d  t h r o u g h  1/16 

i n c h  holes d r i l l e d  th rough  p l u g s  i n  t h e  c e n t r a l  opening  of e a c h  

T e e .  The thermocouple  w i r e s  were r u n  i n s i d e  t h e  p i p e  t o  a d i s t a n c e  

one foot below ground l e v e l  where e a c h  pa i r  was -joj.mil t o  copper 

w i r e s .  Ice w a s  packed around t h e s e  b u r i e d  j u n c t i o n s  t o  p r o v i d e  

a 32'F r e f e r e n c e .  

s h i e l d e d  wires were t h e n  b u r i e d  i n  a t r e n c h  approximately one foot 

. The bund le  of 12  e l e c t r i c a l l y  i n s u l a t e d  atid 

b e n e a t h  t h e  s u r f a c e .  T h i s  t r e n c h  w a s  a b o u t  100 f e e t  long, extend-  

i n g  t o  t h e  i n s t r u m e n t a t i o n  t r a i l e r  p rov ided  by t h e  U . S .  Army Aero- 

m 
Medical Research  Laborat.ory. Here the six copper  w i r e  pairs were 

connec ted  t o  a model 5801 six channe l  strip c h a r t  i n i l l i - v o l t  

r e c o r d e r .  The a c t u a l  locations o f  t h e  therinocouple r a k e s  d u r i n g  
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t h e  t e s t  is shown i n  f i g .  I V - 1 .  Thermocouples l,2 and 3 w e r e  

suppor ted  by r ake  A, and 4 , 5  and 6 by rake B. The h e i g h t  above 

ground of the thermocouple measuring j u n c t i o n s  w e r e  7 5 "  (3 and 6 )  

49" (2  and 5 )  and 23%" (1 and 4 ) .  

I n  a d d i t i o n  t o  thermocouple measurements, t empera tu res  w e r e  

also measured us ing  a Pyro o p t i c a l  pyrometer l o c a t e d  a t  p o s i t i o n s  

P1 and P% i n  f i g .  I V - 1 .  For t h e  dimensions involved  ( 1 8 ' x 3 0 ' )  
,.. 

t h e  f i r e  can be expec ted  t o  behave as a b l a c k  body as far as 

r a d i a t i o n  t o  t h e  sur roundings  i s  concerned. The pyrometer (6,111 

t h e r e f o r e  served  t o  e s t a b l i s h  t h e  e f f e c t i v e  f i r e  t empera tu re  f o r  

r a d i a t i o n  h e a t  transfer c a l c u l a t i o n s .  I t  also  provided  a means 

of r a p i d l y  scanning t h e  f i r e  tempara ture  f i e l d  t o  provide  f u r t h c r  

in format ion  on t r a n s v e r s e  and v e r t i c a l  t empera ture  v a r i a t i o n s .  

Throughout t h e  i n s t r u m e n t a t i o n  a s senb ly ,  35mm s l i d e  p i c t u r e s  

were Cnken of v a r i o u s  components and assembly techniques. I n  

a d d i t i o n ,  a Mil igan motion p i c t u r e  camera (500 frames p e r  second)  

was provided  f o r  f i l m  coverage of t h e  f i r e  e v e n t s  over a 44 minute 

p e r i o d  fo l lowing  i g n i t i o n .  1 

The f i r e  was i g n i t e d  i n  the imxedia te  v i c i n i t y  of r a k e  B 

and a l though there  was a p r e f e r r e d  p ropaga t ion  i n  t h e  wind d i r e c t i o n :  

t h e  f lames spread r a p i d l y  over  t h e  e n t i r e  pool  of f u e l .  The e f f e c t  

of the wind on the i n i t i p - 1  f i r e  t r a n s i e n t  i s  observed by n o t i n g  

i n  f i g s .  I V - 2  and I V - 3  t h a t  t h e  response  of t h e  thermocouples  of  

rake A lacjged behind t hose  of rake €3. 

. 

Even tua l ly ,  a l l  of t h e  
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thermocouples w e r e  engu l fed  in t h e  flarnes. As expec ted ,  thermo- 

coup les  3 and 6 (nearest t o  t h e  ground) responded m o s t  r a p i d l y  

showing tempera ture  rise rates on t h e  order of 350°F per second,  

f o u r  seconds a f t e r  i g n i t i o n .  As expec ted ,  thermocowples 2 and 5 

(mid-height) lagged behind  t h e  bottom thermocouples (3  and 6). 

A l s o ,  thermocouple 1 lagged  behind number 2 ,  b u t  for t h e  f i r s t  few 

seconds it appeared t h a t  thermocouple 4 was l e a d i n g  number 5.  T h i s  

is a t t r i b u t e d  t o  t h e  fac t  t h a t  channel  number 5 of t h e  r eco rde r '  

. 

could  o p e r a t e  o s c i l l a t i o n - f r e e  on ly  on t h e  10  mv/division s c a l e ,  

t h u s  showing d i f f e r e n t  s e n s i t i v i t y  and response  c h a r a c t e r i s t i c s  

compared t o  channel  number 4 which ope ra t ed  (as  d i d  1,2,3 and 6 )  

on the 2 mv/division scale .  Howcver, after 7+ seconds,  t h e  expec ted  

t r a n s i e n t  v e r t i c a l  t empera ture  v a r i a t i o n  can be observed.  

In s t an taneous  peal: tempera tures  between 23OO0F and 2390'F 

can be observed i n  f i g s .  I V - 2  and I V - 3 .  However, a f t e r  t h e  i n i t i a l  

t r a n s i e n t ,  which l a s t e d  approximately 20 secopds,  a "stea.dy" t e m -  

p e r a t u r e  of approximate ly  2100°F i s  recorded  for t h e  next 25 seconds. 

The v a r i a t i o n  from one thermocouple t o  m o t h e r  d u r i n g  t h i s  pe r iod  

is no t  s eve re .  It can be concluded f ro in  k h e s e  r e s u l t s  t h a t ,  

except p o s s i b l y  n e a r  the edge of the fire, severe temp-zraturc 

g r a d i e n t s  do n o t  exist w i t h i n  t h e  flames, i.c.8 t h e  temperature 

of t h e  WCE i s  v i r t u a l l y  uniform at 2100°F. 

Pyrorneter r e a d i n g s  were taken from two p o s i t i o n s  (P1 and 

P2 in f i g .  IV-1) dur ing  the first 90 seconds OC t h e  t e s t .  l 'hese 
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r e a d i n g s  provide  r e p r e s e n t a t i v e  " s t eady"  f i re  t empera tu res .  

From p o s i t i o n  P 1  t h e  pyroineter was aimed a t  thermocouple number 5 

p r i o r  t o  i g n i t i o n .  As d e t e c t e d  by t h e  pyrometer i n  p o s i t i o n  P1 

t h e  f i r e  tempera ture  4 9 "  above ground was 2090°F. The e n t i r e  fire 

w a s  q u i c k l y  scanned from p o s i t i o n  P1 and appeared  t o  be a t  a 

uniform temperature excep t  a t  h e i g h t s  less t h a n  two f e e t  above 

ground, w h e r e  a r e a d i n g  of 1990°F was obtained. 
*. 

From p o s i t i o n  P2 

the f i r e  aga in  appezxed t o  be a t  a uniform t empera tu re ,  t h e  ind i - -  

c a t e d  v a l u e  b a i n g  2100°F. Since  t h e  o p t i c a l  path th rough t h e  

f i r e  when seen  from p o s i t i o n  P2 w a s  approximate ly  1-67 times as 

l a r g e  as from P l ,  t h e  agreement between measurements made f r o m  

t h e s e  t w o  p o s i t i o n s  conf5.rms t h a t  t h e  f i r e  behaved as a black 

body r a d i a t i o n  source. F i n a l l y ,  a l though  l o c a l  t r a n s i e n t s  could 

n o t  be measured, the pyrormter  readings  suppor t  the v a l i d i t y  of 

the thermocouple measurements. 

. 
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V. I D E N T I F I C A T I O N  OF TEIE MMOR F I R E  CHARACTERISTICS AND 
FORMULAXON OF THE AN&LYTICAl; F I R E  MODEL. 

The chemical and p h y s i c a l  p r o c e s s e s  t h a t  determine t h e  

format ion  of a f i r e  plume above a v o l a t i l e  pool of hydrocarbon 

a i r c r a f t  f u e l  a r e  c h a r a c t e r i z e d  by t h e  coup l ing  of complex hydro- 

dynamic, thermodynamic, chemical, h e a t  and mass t r a n s f e r  mechanisms 

t o g e t h e r  w i th  t h e  geometry and e x t e n t  of t h e  pool  and i n s t a n -  

taneous  atmospheric  c o n d i t i o n s .  F o r t u n a t e l y ,  d e s p i t e  c u r r e n t  

incomplete  unders tanding  of f i r e  p rocesses  which p r e c l u d e s  an 

accurate d e s c r i p t i o n  of t h e  f i r e  environment,  de t a i l ed  in fo rma t ion  

concerning t h e  chemical and p h y s i c a l  mechanisms w i t h i n  t h e  f i r e  

envelope is  no t  requi red  f o r  a s i m u l a t i o n  of t h e  ac tua l  f i r e  

environment.  A r ep roduc t ion  of t h e  a c t u a l  environment,  under  

c o n t r o l l e d  t e s t  f a c i l i t y  c o n d i t i o n s  can be o b t a i n e d  once a few 

basic p rocess  parameters  a r e  formula ted  and o p e r a t i n g  c o n d i t i o n s  

s p e c i f i e d  accord ingly .  The basic p r o c e s s  parameters  may be 
[12-16,22 

formula ted  on t h e  b a s i s  of c u r r e n t  f i r e  research i n c l u d i n g  t h e  

f u l l  s c a l e  f i re  t e s t  described i n  Chapter  I V .  

The i n i t i a l  t r a n s i e n t  growth of t h e  f i r e  envelope  begins 

w i t h  flame sprend from the p o i n t  of i g n i t i o n .  'As t h e  f i r e  regj.on 

above t h e  pool  t h i c k e n s ,  l a r g e  buoyancy forces t o g e t h e r  w i t h  

i n c r e a s i n g  h e a t  t r a n s f e r  r a t e s  t o  t h e  f u e l  l a y e r  d r i v e  the f i r e  

plume h igher  a s  a r e s u l t  of t h e  coup l ing  between t u r b u l e n t  a i r -  

a r i t r a i n m n t ,  f u e l  v a p o r i z a t i o n  2nd d e c c x p o s i t i o n  and combustion. 

1 

t 

As discussed i n  Chapter  111, a f t e r  t h i s  i n i t i a l  growth period, t h e  
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f u l l  f i r e  plume pe r s i s t s  fo r  a p e r i o d  of t i m e  o r d e r s  of magni tude  

greater t h a n  t h e  i n t i a l  t r a n s i e n t  period. Consequent ly ,  for t h e  

pu rposes  of e s t a b l i s h i n g  s i m u l a t i o n  a c c o r d i n g  t o  t h e  p o s t u l a t e d  

WCE, it is t h e l ' s t e a d y  s t a t e , "  f u l l y  e s t a b l i s h e d  plume c o n d i t i o n  

t h a t  must  be examined. 

For t h e  purpose  of a n a l y s i s ,  it i s  c o n v e n i e n t  t o  c l a s s i fy  

Pi1 t h e  t u r b u l e n t  f i r e  column by t h r e e  r e g i o n s :  

A. The base r e g i o n  c o n s i s t i n g  of  t u r b u l e n t  d i f f u s i o n  
flames, s t r o n g  buoyancy and h i g h  t e m p e r a t u r e s  
c o n t r i b u t i n g  t o  a dominance o f  r a d i a n t  heat  t r a n s f e r .  

B. An i n t e r m e d i a t e  r e g i o n  i n  which r a d i a t i o n  h e a t  
t r a n s f e r  remains  i m p o r t a n t  b u t  chemica l  r e a c t i o n  i s  
completed (and s o o t  may b e g i n  t o  fo rm) .  

C .  An upper  r e g i o n  which has cooled c o n s i d e r a b l y  and 
has a h i g h  d e n s i t y  of soot. 

I t  i s  t h e  base r e g i o n  which i s  assumed t o  c o m p l e t e l y  

e n v e l o p  a c r a s h  v ic t im and it i s  t h i s  r e g i o n  t h a t  must  be 

s u f f i c i e n t l y  unde r s tood  t o  be d u p l i c a t e d  under  c o n t r o l l e d  FFSC 

c o n d i t i o n s .  U n f o r t u n a t e l y ,  t h i s  r e g i o n  i s  by far, t h e  m o s t  d i f f i -  

c u l t  r e g i o n  to model and a s u i t a b l e  t r e a t m e n t  of t h e  compet ing  

p h y s i c a l  and chemical p r o c e s s e s  canno t  be found i n  t h e  l i t e r a t u r e .  

N e v e r t h e l e s s ,  it i s  e s s e n t i a l  t h a t  i n  order t o  i n s u r e  a 

d u p l i c a t i o n  of t h e  thermo-chemical  envi ronment ,  s u f f i c i e n t  under -  

s t a n d i n g  of t h e  f i r e  process must be o b t a i n e d  i n  o r d e r  t o  d e t e r m i n e  

t h e  n i r / f u e l  r a t i o  and o v e r a l l  t e m p e r a t u r e .  These c o n d i t i o n s  

canno t  be 2 p r i o r i  s p e c i f i e d  and must be es tab l i shed  by  an a n a l y s i s  

of t h e  real  f i r e  envi ronment .  
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For t h e  purposes  of de te rmining  s i m u l a t i o n  f e a s i b i l i t y ,  

t h e  major chemical,  h e a t  t r a n s f e r  and hydrodynamic c h a r a c t e r i s t i c s  

of t h e  f i r e  w i l l  be i d e n t i f i e d  and i n c o r p o r a t e d  i n  a s imple  

model. The model w i l l  be used  t o  o b t a i n  t h e  a i r / f u e l  r a t i o  f o r  

t h e  f u l l  s c a l e  f i r e  t e s t  r e p o r t e d  i n  Chapter  I V ,  c o n s i s t e n t  w i t h  

[la, 191 t h e  measured tempera ture  and r e p o r t e d  f u e l  bu rn ing  r a t e s .  

The model i s  then  a p p l i e d  t o  t h e  FFSC environment i n  o r d e r  t o  

s p e c i f y  t h e r m a l  and a i r / f u e l  r a t i o  o p e r a t i n g  c h a r a c t e r i s t i c s .  

As t h e  f u e l  i s  vapor ized ,  t h e  hydrocarbon is i n t roduced  

i n t o  t h e  f i r e  zone as  a r e s u l t  o f  l a r g e  h e a t  t r a n s f e r  from t h e  

r e g i o n  above t h e  f u e l  pool.  The f u e l ,  i n  t h i s  case J P - 4 ,  v a p o r i z i n g  : a t  

e l e v a t e d  tempera tures ,  may e n t e r  i n t o  "c rack ing"  r e a c t i o n s  L26 I 283 

or may be decomposed i n t o  carbon and hydrogen. These i n t e r m e d i a t e  

p roduc t s  d i f f u s e  i n t o  t h e  r e i l c t ion  zone and since t h e  f u e l - a i r  

m i x i n g  process  i s  l i m i t e d  by t h e  t u r b u l e n t  en t r a inmen t  charac-  

t e r i s t i c s  of t h e  f i r e  plume, it i s  assumed t h a t  t h e  hydrodynamic 

mixing and n o t  chemical r e a c t i o n  ra tes  c o n t r o l  t h e  combustion 

p rocess .  r27,34 The problem of carbon format ion  ar ises ,  s5nce 

t h i s  d i f f u s i o n  r e g i o n  must have a low oxygen c o n c e n t r a t i o n  and 

as long  ,as t h e  tempera ture  i s  h igh  enough t o  deconipose t h e  f u e l ,  

un rcac ted  free carbon may be p r e s e n t .  As a resu l t  of an o v e r a l l  

oxygen d e f i c i e n c y  throughout  t h e  plume, t h i s  carbon may never  

e n t e r  i n t o  f u r t h e r  r e a c t i o n  and  w i l l  u l t i m a t e l y  form soot  i n  t h e  

colcler r e g i o n s  of t h e  plume. If t h e  carbon manages t o  e n t e r  r e g i o n s  
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which c o n t a i n  H20 , t h e r e  i s  a tendency  f o r  t h e  ca rbon  t o  react 

to form CO . 
A t  t h i s  p o i n t  a r e a s o n a b l e  judgment must be made r e g a r d i n g  

t h e  components p r e s e n t  i n  t h e  p r o d u c t  g a s e s .  S i n c e  e x p e r i m e n t a l  

measurements of f i r e  g a s  compos i t ion  are d i f f i c u l t  i f  n o t  i m -  

p o s s i b l e  t o  o b t a i n ,  assumpt ions  must be made on t h e  basis of 

thermodynamic c o n s i d e r a t i o n s .  

leads one t o  s u s p e c t  t h a t  t h e  p r o d u c t  g a s e s  w i l l  be composed 

The a n t i c i p a t e d  oxygen d e f i c i e n c y  

ma in ly  of CO , H 2 0  H N2 and C02 . While some traces of 

OH H 0 and o x i d e s  of N i t r o g e n  may be p r e s e n t ,  t he  chemica l  

2 

e q u i l i b r i u m  c o n s t a n t s  f o r  t h e  r e a c t i o n s  

are of t h e  o r d e r  except f o r  t h e  n i t r o g e n  r e a c t i o n  which i s  

of t h e  o r d e r  loe3 

S i n c e  t h e  e q u i l i b r i u m  c o n s t a n t  is p r o p o r t i o n a l  t o  

, a t  1 atmosphere ,  it may be assumed w i t h  p r o d u c t  s c onmo s i t i o n  
r e a c t an t s c oiilpo s it i on 

r e a s o n a b l e  a s s u r a n c e  t h a t  H 0 0 and H2 are s t ab le  as f a r  as 

t h e s e  d i s s o c i a t i o n  reactions are cclncerned and OH , 0 , H should  

2 2 

n o t  be a n t i c i p a t e d  i n  s i z e a b l e  amounts. While t h e  e q u i l i b r i u m  

c o n s t a n t  of 1 . 9 2  x f o r  t h e  n i t r o g e n  r e z c t i o n  i s  small. f u r t h e r  
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e v i d e n c e  of t h e  absence  of NO is t h e  s low r a t e  w i t h  which t h i s  

r e a c t i o n  proceeds, L2’) s u g g e s t i n g  t h a t  even  t h e  l o w  c o n c e n t r a t i o n s  

p r e d i c t e d  by e q u i l i b r i u m  c o n s i d e r a t i o n s  may n o t  be a t t a i n e d .  T h i s  

observation conce rn ing  t h e  r e l a t i o n s h i p  between s i z e  of an e q u i l i -  

br ium c o n s t a n t  and t h e  associated r e a c t i o n  r a t e  becomes i m p o r t a n t  

i n  t h e  s e l e c t i o n  of p r o d u c t s  of coinbustion for  t h e  r e a c t i o n s  

H20 , C and O2 . A l l  of t h e s e  r e a c t i o n s  compete 2 ,  between H 

fo r  t h e  d e f i c i e n t  oxygen and are a s s o c i a t e d  w i t h  large e q u i l i b r i u i n  

c o n s t a n t s ,  y e t  t h e r e  i s  no  2 p r i o r i  thermodynamic r e a s o n  t o  associ- 

ate a l a r g e  e q u i l i b r i u m  c o n s t a n t  w i t h  r e a c t i o n  rate.  However, it 

i s  cus tomary  t o  assume t h a t  i n  such  t u r b u l e n t  f i r e  plumes t h e  

hydrodynamics of  t h e  a i r  e n t r a i n m e n t  process i s  a s t rohger  l i m i t a -  

t i o n  t h a n  r e a c t i o n  ra tes  and t h e  e q u i l i b r i u m  c o n s t a n t  s h o u l d  

t h e r e f o r e  p r o v i d e  a good i n d i c a t i o n  of component compos i t ion .  On 

t h i s  basis, fo r  t h e  r e a c t i o n s  l i s t e d  be low w i t h  t h e  r e l a t i v e  s i z e  

of t h e i r  e q u i l i b r i u m  c o n s t a n t s  ( for  t h e  s u g g e s t e d  f i r e  t e m p e r a t u r e  

of 21OO0F), an  2 p r i o r i  estimate of t h e  r e l a t i v e  component compo- 

s i t i o n  r e s u l t s  i n  a l a r g e  p o r t i o n  of CO and H2 

* 

s u b s t a n t i a l  €1 0 
2 

w i t h  somewhat less CO . S i n c e  t h e  N i s  assumed n o t  t o  e n t e r  2 2 

i n t o  r e a c t i o n ,  i t s  c o n c e n t r a t i o n  b y  m a s s  i s  unchanged. 

A major  d i f f i c u l t y  conce rns  t h e  t r e a t r e n t  of ca rbon  whose 

p r e s e n c e  i s  f i rs t  r e v e a l e d  by t h e  i n t e n s e  l u m i n o s i t y  of t h e  flamz 

and l a t e r  by  c o n s i d e r a b l e  s o o t i n g .  Although t h e  p r e s e n c e  of free 

carbon canno t  be over looked ,  d i f f i c u l t i e s  i n  computing r e a l i s t i c  



c o n c e n t r a t i o n s  were e x p e r i e n c e d  i n  p r e l i m i n a r y  computa t ions .  

S i n c e  l i t t l e  more i n f o r m a t i o n  conce rn ing  e q u i l i b r i u m  ca rbon  

c a l c u l a t i o n s  c o u l d  be found o t h e r  t h a n  c a u t i o n s  t o  t h e  e f fec t  

t h a t  it is a d i f f i c u l t  and r a re ly  attempted problem, c a l c u l a t i o n s  

are performed w i t h o u t  free carbon and i t s  p r e s e n c e  i s  de te rmined  

r2 4 * - a p o s t e r i o r i .  

Assuming t h e  p r o d u c t s  are composed ma in ly  of  N2 , c0 , 

H20 , C02 and K2 r a chemica l  model i s  p o s u l a t e d  c o n s i s t e n t  

w i t h  t h e ’ a i r  d e f i c i e n t  s i t u a t i o n .  A s  t h e  f u e l  i s  e n t r a i n e d  i n t o  

t h e  f i r e  r e g i o n ,  it i s  assumed t h a t  a l l  of t h e  carbon i s  o x i d i z e d  

t o  CO , t h e  r ema in ing  O2 o x i d i z e s  s u f f i c i e n t  €I2 t o  H 2 0  and 

exccss II i s  l i b e r a t e d .  I t  i s  t h e r e f o r e  imp l i c i t l y  assumad. t h a t  

t h e  ca rbon  has a l a r g e  tendency  t o  f o r m  CO ( r e a c t i o n  3 ,page  32). The  

i n i t i a l  components ( r e a c t a n t s )  may t h e r e f o r e  be o b t a i n e d  once t h e  

2 

C/H composi t ion  of t h e  f u e l  i s  known. 

n e q u i v a l e n t  hydrocarbon molecule  I343 5A Using J P - 4  f u e l  data, 

may be o b t a i n e d  i n  t h e  form 

‘9.64 H2 (9.50) 

The assu.ined o x i d a t i o n  process results i n  

33. 



The r e a c t a n t s  are immediately determined t o  be (per mole 

of J P - 4 )  

9.64  CO 

(9.50 i- 9.64 - 2P) H2 
(2P - 9.64) H20 

C02 , CO , H20 is  t h e n  assumcd > 1  2 '  
The r e a c t i o n  below i n v o l v i n g  H 

t o  de te rmine  t h e  e q u i l i b r i u m  c o n c e n t r a t i o n s  of t h e s e  components 

a t  t h e  f i r e  t empera tu re  of 2100°F. 

Ha + C 0 2 s C 0  + H20 

Since  a s t o i c h i o n e t r i c  O/C f o r  JP-4. i s  2.98 and s o o t i n g  may be 

expec ted  for O/C -1 , f i r e  o p e r a t i o n  shou ld  r e q u i r e  1 c O/C < 2.98. 

This  w i l l  be used  as  a c r i t e r i o n  f o r  e s t i m a t i n g  a range of P oxygen 

moles i n  t h e  thermo-chenical  f i r e  a n a l y s i s  g iven  i i i  Chapter  VI. 

s o o t i n g  is considered by an examinat ion of t h e  e q u i l i b r i u m  compo- 

s i t i o n  between t h e  components CO , C02 and C . For t h e s e  com- 

[2 7'1 poncnts ,  one has the  Boudouard r e a c t i o n ,  

2 co*-coz 4- c 

i '  w i t h  an equ j - l i b r iun  c o n s t m t  s a t  1 atmosphere of 

34. 
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where N CO and N C02 a r e  t h e  number of moles of co and 

C02 ( for  t h e  fire temperature of 21OO0F, k-628) - 
is  computed t o  

(N C O P  
I F  t h e  a c t u a l  concent ra t ion  co2 

be g r e a t e r  than  k, I soot ing  can be expected. 

. -  

a 
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VI. THERMO-CHEMICAL ANNJYSIS OF ‘I’HE J P - 4  FUEL F I R E  
AND S P E C I F I C A T I O N  O F  THE F A C I L I T Y  OPERATING C O N D I T I O N S .  

I n  t h e  u s u a l  i n d u s t r i a l  fu rnace  a p p l i c a t i o n ,  complete 

combustion w i t h  minimum excess  a i r  i s  d e s i r e d .  Con t ra ry  t o  u s u a l  

des ign  p r a c t i c e ,  however, t h e  f i r e  s i r i iulat ion f a c i l i t y  must r u n  

fuel r i c h .  The purpose of t h e  a n a l y s i s  t h a t  fo l lows  i s  t o  ascer- 

t a i n  t h e  a i r / f u e l  r a t i o  r e q u i r e d  t o  m a t c h f i r e  plume c o n d i t i o n s  

a t  t h e  measured f i r e  tempera ture .  

The  a i r / f u e l  r a t i o  ob ta ined  from t h e  a c t u a l  f i r e  i s  then  

used t o  de termine  t h e  volume f low ra te  of a i r  r e q u i r e d  by t h e  

FFSC. I n  a d d i t i o n ,  a thermal  a n a l y s i s  of t h e  f a c i l i t y  a t  t h i s  

s p e c i f i e d  a i r / f u e l  r a t i o  p rov ides  n e c e s s a r y  in fo rma t ion  t o  

e s t a b l i s h  o v e r a l l  f a c i l i t y  c o o l i n g  r equ i r emen t s .  

According t o  t h e  thermodynamic d e s c r i p t i o n  of a system of 

r e a c t i n g  components, t h e  e q u i l i b r i u m  c o n c e n t r a t i o n  is s o l e l y  a 

f u n c t i o n  of t empera tu re  and atoinic c o n c e n t r a t i o n s .  The a n a l y s i s  

t h e r e f o r e  must de te rmine  t h e  O/C r a t i o  which i s  c o n s i s t e n t  w i t h  

conse rva t ion  of energy  and hydrodynamic a i r  en t r a inmen t  i n  t h e  

r e a l  f i r e  s i t u a t i o n .  Although it i s  n o t  feasible t o  account  f o r  

all of t h e  ac tua l  r e a c t i o n s  involvj-ng a l l  p o s s i b l e  components, 

t h o s e  coinponents c o n t r i b u t i n g  a major p o r t i o n  of t h e  system 

energy  a r e i nc luded .  S ince  a l l  of t h e  carbon i s  assul-ned 

t o  e n t e r  i n t o  r e a c t i o n ,  t h e  computed oxygen requi rement  may be 

high.  However, this  may be ba lanced  by  incompl.ete t u r b u l e n t  

mixing in t h e  F F S C .  

3 6 .  

c 



Conserva t ion  of energy  f o r  the ac tua l  f i r e  envelope shown 

below is given  by 

p roduc t  g a s e s  

h e a t  loss by measured tempera ture  
r a d i a t i o n  

e n t r a i n e d  a i r  

e x p e r i m e n t a l l y  determined 
f u e l  v a p o r i z a t i o n  r a t e  

j = 1,2,3,4 corresponds  t o  conponents  CO 8 C 0 2  , €1 0 H~ 
2 - BTU h .  (2100O) - hj (77OF) 8 colnponent e n t h a l p y  (ib-le 

h j  3 
and 

Hf h e a t  of format ion  of component j . 
j 
0 -  

No2 = i n i t i a l  oxygen mole 
- 

N = moles of component 
j 

number requi rement  p e r  mole of fuel 

j p e r  mole of fuel 

T, = a h i e n t  temperature 



"2 
in 

QF ire-air 

Q F i r e -  
ground 

C 
A 

n i t r o g e n  mole number requi rement  

moles of f u e l  vapor ized  p e r  second 

h e a t  loss  from f i r e  t o  ambient a i r  

h e a t  loss  from f i r e  r e g i o n  t o  ground 

l a t e r a l  f i r e  envelope s u r f a c e  area 

pool  base a r e a  

f i r e  plume c r o s s - s e c t i o n  area a t  h e i g h t  L 

For t h e  purposes  of o b t a i n i n g  an  e q u i l i b r i u m  composi t ion 

between H2 , H20 I C02 CO and i n e r t  N2 , a s e t  of i n i t i a l  

r e a c t a n t s  are o b t a i n e d  from JP-4 accord ing  t o  t h e  fo l lowing  

oxidation e q u a t i o n  ( V I - 2 )  , d i s c u s s e d  i n  Chapter  V. 

+ PO2-? -9.645 CO -t ( 2 . P  - 9.645) H 2 0  '9.645 H2 (9.5004) 

+ (9.5004 + 9.645-2.P) H2 

( V I - 2 )  

where P moles 02/mole f u e l  i s  t o  be determined.  

S ince  a i r  e n t r a i m i e n t  and i n t r a f i r e  mixing are assumed 

t o  cont ro? .  t h e  cornbustion p rocess ,  t h e  c o n c e n t r a t i o n s  of CO C 0 2  I 

H 2 0  and H2 are g iven  by t h e i r  e q u i l i b r i u m  composi t ion for t h e  

r e a c t i o n  

H2 + C O F ~ C O  -t H 2 0  (VI-3) 

b 

which W s  e q u i l i b r i u m  c o n s t a n t  k (T) , 



(VI -4 . )  

A t  2100~ , 
e q u i l i b r i u m  requi rement  32 

k(T) = 2.1532[?03k(T) i s  re la ted t o  t h e  mole numbers by t h e  
given by e q u a t i o n  (VI-4). 

[3 33 React ion  (1) can be w r i t t e n  i n  t h e  form 

4 
Z v A  where A are t h e  molecular  components 

j j= l  j j  

are t h e  cor responding  s t o i c h i o m e t r i c  
'j H2, C 0 2  CO o r  H20 and 

c o e f f i c i e n t s  (nega t ive  f o r  t h e  r e a c t a n t s )  i n  e q u a t i o n  ( V I - 3 ) .  

I f  t h e  i n i t i a l  moles of each  coniponent e n t e r i n g  i n t o  
0 

r e a c t i o n  i s  N , j = 1 1 2 , 3 , 4 ,  t h e  f i n a l  number of moles of 

each  conponent in t h e  e q u i l i b r i u m  composition i s  g iven  by 

j 

w h e r e  A N  i s  a p r o p o r t i o n a l i t y  factor f o r  t h e  mole r a t i o s  

b N e n t e r i n g  i n t o  r e a c t i o n ,  
j 

The e q u i l i b r i u m  composition r e q u i r e s  t h a t  e q u a t i o m  (VI-5) s a t i s f y  

equa t ion  ( V I - 4 )  and one o b t a i n s  t h e  following equa t ion  f o r  AN 

( V I - 4  ' ) 

39. 



Equat ions ( V I - 1 )  , ( V I - 4 ’ )  and (VI-5) must be so lved  

s in iu l taneous ly  w i t h  p r o p e r t y  d a t a  g iven  below c o n s i s t e n t  w i t h  

t h e  c o n s t r a i n t  t h a t  t h e  r e q u i r e d  O2 mole ra te  P can be s u p p l i e d  

by a t u r b u l e n t  en t r a inmen t  mechanism.. A semi-empir ical  en t r a inmen t  model 

for  s t r o n g l y  buoyant plumes k6] which relates v e r t i c a l  f i r e  v e l o c i t y  t o  
t h e  a i r  en t ra inment  ra te  us ing  an  empirical c o n s t a n t  ( .17)  i s  q iven  b y  
e q u a t i o n  (VI-6). 

7 

TABLE V I - 1  

P rope r tv  Data 

Mole Enthalpy H e a t  of format ion  a t  77OF 
w t .  * h(2100)-h(77)  f BTU 

l b  mole M BTU/lb mole 

CO 28.011 15,530 - 47,551 

H20 18.016 19,136 - 104,036 

2.016 14,524 0 

C02 44.011 24,052 - 169,297 

28.011 15,355 0 
N2 

JP-4 135 - 137,253 

where g, and Vp are t h e  d e n s i t y  and v e r t i c a l  v e l o c i t y  of 

t h e  plume gases .  ( s p  and Vp are determined as fo l lows:  

An average gas  mo1.ccul;iL. weight  i s  g iven  by 

(VI-6 

5 N  
= c 3 M i n  t h i s  case t h e  summation i n c l u d e s  

Mrp j ’  j 1=1 
%VC 

40. 
t h e  i n e r t  n i t r o g e n .  



M is  t h e  molecular  weight  of component j , N j t h e  moles 
j 5 

of component j and NT = N . 
j j =1 

An average  gas c o n s t a n t  i s  g iven  by 
- 

1545.33 - - R =  
Rave Ma,, 

- 
i s  t h e n  o b t a i n e d  YP where R is t h e  u n i v e r s a l  gas c o n s t a n t .  

from t h e  ideal  gas  e q u a t i o n  of s t a t e  

14.7 x 144 
2560°R 

- p r e s s u r e  - - 
% - Rave T Rave 

The v e r t i c a l  gas  v e l o c i t y  i s  determined by t h e  flux of mass at 

plume c r o s s - s e c t i o n  L . 
rn - v p  - - 

P A  
P c  

, Mo 2 4 .76  No X 
where . lbm gas - mOl.C?S f u e l  

m sec sec 2 a i r  - m  

A s o l u t i o n  f o r  P is determined once (VI-41, (VI-4') , 

R e s u l t s  fo r  ( V I - 5 )  and (VI-6) are s imul t aneous ly  s a t i s f i e d .  

O/C r a t i o s  from 1 . 2 5  t o  2 . 4 0  are p r e s e n t e d  i n  f i g u r e s  VS-1,  

VT-2 and V I - 3 .  It should  be notcd  that the s t o i c h i o m e t r i c  O/C 

r a t i o  is  2.98. 

R e f e r r i n g  t o  f i g .  VI-1, it i s  observed t h a t  t h e  chemis t ry  

and energy requireracnts  are s a t i s f i e d  s imul t aneous ly  f o r  an 

O/C r a t i o  of approximately 1 .7 .  I t  i n  also t o  be noted  t h a t  this 

41. 



O/C r a t i o  is  r ea l i s t i c  i n  t e r m s  of t h e  t u r b u l e n t  a i r  e n t r a i n -  

ment mechanism, as can  be seen  by examinat ion of f i g .  VI-2. 

According t o  t h e  carbon d e p o s i t i o n  d i s c u s s i o n  i n  Chapter  V, 

an examinat ion of t h e  CO , 

(NCo) / ( N C O 2 )  

C 0 2  c o n c e n t r a t i o n  i n  t h e  form 

2 w i l l  de te rmine  t h e  tendency t o  form soot. 

The O/C r a t i o  of 1 .7  cor responds  

C + CO2=2CO . of 15 f o r  t h e  r e a c t i o n  

of 2 r e q u i r e s  a composi t ion ( N ~ ~ )  / N ~ ~  
2 

t o  an e q u i l i b r i u m  c o n s t a n t  
* 

This  e q u i l i b r i u m  c o n s t a n t  . 

1 a t  1427OF, i n d i c a t i n g  

t h a t  f lame c o o l i n g  by wind g u s t s  i n  t h e  i n t e r m e d i a t e  plume r e g i o n  

w i l l  r e s u l t  i n  c o n s i d e r a b l e  s o o t i n g  as soon as t h e  plume temper- 

a t u r e  f a l l s  below 1427OF, d e s p i t e  t h e  i n i t i a l  assumption t h a t  

a l l  of t h e  carbon e n t e r s  ' i n t o  r e a c t i o n .  

The r e q u i r e d  FFSC vo lumet r i c  a i r  flow ra te  co r re spond ing  t o  a 

given  O / C  r a t i o  may now be computed. 

0 JP-4) 
A i r  flow r a t e  = E) x 

2 (4.76 moles a i r /mole 02) x (.004362 moles fue l /min - f t  

- 96 f t L  ) = (62 O/C) SCF/sec. 
) x  (60 sec/min x (387 mole a i r  

SCF 

I n  t h i s  e q u a t i o n  N i s  Avogadro's number, SCF means Standard  Cubic 

Feet and an a r e a  of 96 f t2  corresponds  t o  t h e  base area of t h e  

FFSC described i n  Chapter  VXII. 

f i g .  V I - 4 .  

P 

T h i s  result j.s p r e s e n t e d  i n  

42. 

, -  
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Figure VI-1. Determination of Air-Fuel Rat io  Characteristics 
of a JP-4 Turbulent Fire Plume 

43. 



Figure VI-2. Comparison of the Turbulent Air Entrainment 
Characteristics of the Fire Plume with the 

Combustion Requirements 

44. 



? 

Figure VI-3. C o n c e n t r a t i o n  of Dominant F i r e  Environment 
Gas Components 

45. 



Figure  VI-4. FFSC A i r  Requirement as Funct ion  of O/C R a t i o  



V I I  . WALL HEATI1;IG REQUIREbENTS 

As r e p o r t e d  i n  Chapter  I V  and d i s c u s s e d  i n  Chapt,er v, a 

l a r g e  pool f i r e  i s  c h a r a c t e r i z e d  by  n e g l i g i b l y  s n a l l  t r a n s v e r s e  

t e m p e r a t u r e  g r a d i e n t s ,  except p o s s i b l y  n e a r  t h e  p e r i p h e r y .  S i n c e  

i t  i s  t h e  WCE which is t o  be s i m u l a t e d  i n  t h e  FFSC, it must t h e r e -  

fore  be t h e  o b j e c t i v e  o f  t h e  f a c i l i t y  d e s i g n  t o  s i m u l a t e  t h e  core 

r e g i o n  of t h e  f i e l d  f i r e ,  i . e . ,  t r n n s v e r s e  t e m p e r a t u r e  g r a d i e n t s  

s h o u l d  n o t  e x i s t  i n  t h c  FFSC. T h e r e f o r e ,  t h e  WCE can  c o n c e p t u a l l y  

be i d e n t i f i e d  w i t h  t h e  " l o c a l  envi ronment"  of f i g .  V I I - 1 .  Several 

p h y s i c a l  d i f f e r e n c e s  between t h e  ' ' l o c a l  envi ronment"  of f i g .  V I I - 1  

and t h e  FFSC f i r e  are  immedia te ly  e v i d e n t .  

I n  t h e  f i e l d  f i r e ,  mass t r a n s f e r  t a k e s  p l a c e  between t h e  

l o c a l  environment  and t h e  remainder  of t h e  f i r e .  I n  t h i s  mc7nner 

oxygen i s  s u p p l i c d  t u  t h e  l oca l  envi ronment  t o  s u p p o r t  combust ion.  

Clearly t h e  p r e s e n c e  of  a s o l i d  wall comple t e ly  s u r r o u n d i n g  t h e  

l o c a l  environme,lt  would. s t a r v e  t h e  f i r e  i n  t h i s  r e g i o n .  In t h e  

p r e c e d i n g  ch .ap tess ,  t h e  a i r  r e q u i r e m e n t s  of t h e  l oca l  envi ronment  

co r re spond ing  t o  t h e  WCE were e s t a b l i s h e d  and i n  t h e  p roposed  FFSC 

d e s i g n  p r o v i s i o n  i s  made f o r  s u p p l y i n g  t h i n  oxygen. 

Even i f  t h e  proper amount of air t h e o r e t i c a l l y  r e q u i r e d  t o  

e s t a b l i s h  the WCE in t h e  FFSC vrere s u p p l i e d ,  t h e  t h e r m a l  i n f l u e n c e  

of  t h e  walls c o u l d  r e s u l t  i n  f a i l u r e  t o  a c t u a l l y  e s t a b l i s h  t h e  WCE. 

There  arc two i m p o r t a n t  r e a s o n s  f o r  t h i s .  



I f  t h e  FFSC walls a r e  at a lower tcmperafure 
t h e  f i r e  (TF) t h e r e  w i l l  be a r a d i a n t  and c o n v e c t i v e  
h e a t  exchange between t h e  f i re  and t h e  w a l l s  which does  
n o t  co r re spond  t o  t h e  magnitude of t h e  h e a t  exchange 
between t h e  l o c a l  envi ronment  and tlie remainder  of 
the f i r e  i n  f i g .  V I I - 1 .  The e f f ec t  of t h i s  would be 
t o  lower t h e  f i r e  t e m p e r a t u r e  compared t o  t h e  WCE 
u n l e s s  t h e  a i r  i n j e c t i o n  were changed t o  compensate 
fo r  t h i s .  However, t h i s  p rocedure  would a l t e r  t h e  
f i r e  c h e m i s t r y  and  i s  t h e r e f o r e  c o n s i d e r e d  u n a c c e p t a b l e .  

(Tw) than 

From t h e  v i ewpo in t  of t h e  manik in ,  c o l d  w a l l s  r e p r e s e n t  
a r a d i a n t  s i n k  which is n o t  p r e s e n t  i n  t h e  l a r g e  
f i e l d  f i r e .  I n  f i g .  VII-1, r a d i a n t  e n e r g y  i n c i d e n t  
on t h e  manikin ( t e s t  specimzn) o r i g i n a t i n g  from 
bevond t h e  l o c a l  environment  i s  c h a r a c t e r i z e d  by t h e  
b l a c k  body monochromatic i n t e n s i t y  c o r r e s p o n d i n g  t o  
t h e  f i r e  t e m p e r a t u r e ,  Ibv (TF) . The r a d i a t i o n  
i n c i d e n t  on t h e  manikin i s  [231 

which i n t e g r a t e s  t o  

For  t h e  FFSC 

which i i i t e g r  ates 

-!C,-t 
+ - I, - Iwv e. 

( F i e l d  F i r e )  

4, S s" K, I e dS 
0 b v  

to 

( V f I - 1 )  

(VII-2) 

(VII-3) 

( V I I - 4 )  

C l e a r l y ,  t h e  i n c i d e n t  r z d i a t i o n  on t h e  manikin will 
have t h e  sane strength and spac t r a l  d i s t r i b u t i o n  i n  
t h e  field f i r e ,  ey. (V11-2), and i n  t h e  FFSC, eq. (VII-41, 
o n l y  i f  

.c -Xv4 
= Ibu(TF) e (VII-5)  I w v  

48. 



Y 

. 

E q u a t i o n w I I - 9  can be sa t i s f i ed  i n  one of t w o  ways or  a 

combinat ion of both.  I f  t h e  FFSC w a l l s  are blackened (which ,  i n  

any e v e n t ,  p robably  cannot  be avoided, s i n c e  there  i s  a l a r g e  

amount of carbon f n  t h e  f i r e )  and main ta ined  nea r  a t empera ture  

e q u a l  t o  t h e  f i r e  tempera ture ,  t h e n  

will be s a t i s f i e d .  A l t e r n a t e l y  o r  c o n c u r r e n t l y ,  i f  4, i s  large 

enough, bo th  sides of eq. 

t h a t  1, i n  eqs. ( V I I - 2 )  and (VII-4) w i l l  be the same. A s  men- 

t i o n e d  i n  C h a p t e l s P I I  and I V ,  95% or more of the i n c i d e n t  r a d i a t i o n  

comes f o r  a d i s t a n c e  of approximately three feet from t h e  r e c e i v i n g  

s u r f a c e .  I n  o t h e r  words, f o r  . L M ~  f t ,  e w.05 end I ,  from 

(T ) and eq. (VII-5) - 
I W W  - 'bv F 

(VII-5) w i l l  approach z e r o  which i m p l i e s  

-livd 

eq. (VII -4 . )  wil-1 be approx inn te ly  e q u a l  t o  IbV(Tp) 

However, due t o  t h e  u n c e r t a i n t y  i n  the 3 f t .  f i g u r e  quotad 

above, it w a s  decided t o  ana lyze  t h e  t r a n s i e n t  response  of t h e  

fu rnace  walls, i.e., t o  estim3t.e t h e  time r e q u i r e d  t o  achieve a 

w a l l  s u r f a c e  tempera ture  nca r  2100 F i f  t h e y  are i n i t i a l l y  c o l d  

and t h e  f i r e  tempera ture  i s  nominal ly  2100 F. 

t h i s  a n a l y s i s ,  e i t h e r  t h e  h e a t  f l u x  t o  the w a l l  .fro!?[ t h e  f i r e  

or  t h e  e f f e c t i v e  heat t r a n s f e r  c o e f f i c i e n t  hntvieon t h e  two is 

needed. The t o t a l  heat f l u x  t o  t h e  wal l  i s  tha s u i n  of thc rs.dia,nt  

0 

0 I n  o r d e r  t o  pcrform 

and convec t ive  h e a t  f l u x ,  i .e . ,  

43 .  
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Since t h e  w i d t h  of t h e  FE'SC w i l l  be on t h e  o r d e r  of 8 fee t ,  

t h e  f i re  w i l l  be r a d i a t i v e l y  "b lack"  w i t h  r e s p e c t  t o  t h e  w a l l s .  

Then, for black walls, 

( V I I  -7 ; 

where c i s  the Stefan-Boltzmann c o n s t a n t  and t h e  t e m p e r a t u r e s  

arc measured on an a b s o l u t e  scale.  Q, as a f u n c t i o n  of Tw 

is p l o t t e d  i n  fig. VZI-2. An e f f e c t i v e  h e a t  t r a n s f e r  c o e f f i c i e n t  

i s  d e f i n e d  as 

( V I I  - 8 1 h = Q , / ( T ~  - TW) 

and i s  a l s o  s h o m  i n  fig. VII-2. I t  is clear froiJ f i g .  VII-2 

t h a t  t h e  concept of an average Q, or  h , applicable cluring 

t h e  e n t i r e  wall t r m s i e n t  per iod,  will p r o b a b l y  n o t  l e a d  to 

accurate r e s u l t s .  T h i s  i s  now demons t r a t ed .  

Treating t h e  f u r n a c c  w a l l  2s scmi - in f  bite, Carslaw and 

Jae  ger [241 g i v e  t h e  s o l u t i o n  f o r  t h e  wall surface t e m p e r a t u r e  as  

(VIE- '3 )  

- 
when Q is c o n s t m t  f o r  t h e  e n t i r e  h e a t i n g  process. 

F o r  an  i n i t i a l -  temperature, T~ I of I.0O0F and u s i n g  repre- 

, t h e  t i n e  required. to [2d s e n t a i 5 . m  f i re-br j .ek proper ty  data 

zchieve Tva = 2000 1.7 

For t h e  r a n g ~ e  of heat  f l u x e s  i n  fig. VII-2, the required h .ea t3 .ng  

0 is p l o t t e d  a g a i n s t  h e a t  flixx i n  fig. VXr-3-. 

1 
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t i m e  would range frorn minute t o  % hour. T h i s  range  i s too  

l a r g e  t o  be u s e f u l  fo r  p r e d i c t i n g  a c t u a l  behavior .  A more mean- 

i n g f u l  a n a l y s i s  t h e r e € o r e  had t o  be undertaken.  S ince  Q, 

depends on Tw and Tw depends on t i m e ,  t , ( i n  an a p r i o r i  

unknown manner) QT can be treated as a f u n c t i o n  of t i m e .  Agai.n 

C a r s l a w  and J a e g e r  [241 p r e s e n t  t h e  s o l u t i o n ,  which is ,  
7 

(VI I - 10 ) 

A more r easonab le ,  b u t  c o n s e r v a t i v e ,  es t imate  of t h e  FFSC wall 

s u r f a c e  tempera ture  response  i s  t h e n  o b t a i n e d  by r e p l a c i n g  t h e  

a c t u a l  Q, i n  f i g .  VII-2 by t h e  dashed l i n e  i n  f i g .  VII-2. Since  

i s  t he reby  underes t imated  a t  all times, t h e  s o l u t i o n  w i l l  be 
* *T 

conse rva t ive .  Equat ion (VII-10) t h e n  becomes, a f t e r  i n t e g r a t i o n ,  

Q1 , Q, , Q, and Q4 w e r e  t aken  as  

t2 and t3 1x10 BTU/hr-ft2 (see f i g .  V I I - 2 ) .  The  t imes  tl , 

4x1o4 , 3x104 , 2x104 and 

4 

corresponding t o  t h e  t i m e  r e q u i r e d  t o  r e a c h  t h e  w a l l  t empera tu res  

corresponding t o  Q1 , Q, , etc . ,  i . e . ,  1700°F, 1820°F and 192COF 
Y 

are n o t  known 2 priori and an i t e r a t i v e  scheme f o r  de t e rmin ing  

* For tcti , i =  1,2,3 t h e  appropriate terms i n  (VII-11) wcre 
d e l e t e d .  
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T w ( t )  w a s  t h e r e f o r e  r e q u i r e d .  The r e s u l t s ,  showing T,( t )  

a.s w e l l  as tl t2 a n d  t3 , are  p r e s e n t e d  i n  f i g .  VII-4. 

Though t h e s e  r e s u l t s  are believed t o  r e p r e s e n t  a r e a s o n a b l e  

t r a n s i e n t  r e s p o n s e  of t h e  s u r f a c e  t e m p e r a t u r e  of a f i r e - b r i c k  

w a l l ,  it i s  not t o  be i n f e r r e d  t h a t  t h e  e n t i r e  w a l l  h a s  r e a c h e d  

a steady s t a t e  t e m p e r a t u r e  d i s t r i b u t i o n  i n  23 m i n u t e s .  

c o u l d  t a k e  h o u r s .  [251 H o w e v e r ,  i n s o f a r  as s a t i s f y i n g  t h e  r e q u i r e -  

ment  t h a t  t h e  w a l l  r ad i a t e  t o  the m a n i k i n  as a black body a t  

T h i s  

approximately t h e  f i r e  t e m p e r a t u r e ,  t h i s  r e s u l t  i s  believed t o  be 

reasonable. 

An a l t e r n a t e  passive wall scheme which  w a s  analyzed, c o n s i s t s  

of a t h i n  metal f a c i n g  or  s t a n d - o f f  b e t w e e n  t h e  f i r e  b r i c k  and 

t h e  f i re .  Because  of 

c o e f f i c i e n t  between a 

t h e  metal will have  a 

t h e  l a r g e  e f f ec t ive  c o n v e c t i o n  heat t r a n s f e r  

surface a n d  the f l a m e s  (see  f i g .  VII-21, 

v i r t u a l l y  u n i f o r m  t e m p e r a t u r e .  The s o l u t i o n  
* 

c251 is 

T w (t)  = TF -- (TF - Ti) e 

t o  t h i s  problem 

- ha t - kS (vrs-12) 

w h e r e  S i s  t h e  plate thickness. S i n c e  h as w e l l  as t h e  thcrma1. 

propcrkies of t h e  p l a t e  depend on Tbl , eq. (VII -12)  was appl ied Y 

over discrete tempzrature i n t e r v a l s .  For e a c h  i n t e r v a l  a v e r a g e  

v a l u e s  of h , c1 and k were used and Ti , the i n i t i a l  tempcra- 

---- 
[251 w i l l  be on t h e  order of- The B i o t  numher 

h:ch steel pJ.atc, 3-l;iplyFny negligibly small temperature 
grad icn t s  i n  t h e  plate. 

f o r  a 1/16 x 
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t u r e  for  t h e  i n t e r v a l  w a s  t aken  as t h e  f i n a l  w a l l  t empera ture  

f o r  t h e  p reced ing  i n t e r v a l .  I n  t h i s  manner t h e  t i m e  r e q u i r e d  

f o r  each  increment  i n  w a l l  t empera ture  (20O0F) w a s  e s t a b l i s h e d .  

The r e s u l t i n g  t r a n s i e n t  response  of a 1/16" p l a t e  i s  shown i n  

f i g .  VII-5. The s m a l l  a d d i t i o n a l  improvement i n  t r a n s i e n t  

response  a f f o r d e d  by a m e t a l  w a l l  does n o t  appear  t o  w a r r a n t  t h e  

a d d i t i o n a l  c o n s t r u c t i o n a l  complex i t i e s  impl ied  by such an a r range-  
v 

4 

ment. 

I n  a d d i t i o n  t o  p rov id ing  t h e  proper  r a d i a n t  background, t h e  

w a l l s  must also be capable  of p a s s i n g  t h e  h e a t  l i b e r a t e d  by  t h e  

f i r e  if t h e  f i r e  tempera ture  i s  t o  be k e p t  from going  beyond t h e  

tempera ture  of t h e  WCE. For an O/C r a t i o  on t h e  order  of 1 . 7  

(see Chapter  VT) , t h e  rate a t  which h e a t  #must be retnoved from a 

f i r e  i n  t h e  proposed FFSC (see Chapter  ViII) having  a b a s e  area 

of  96 ft2 and a w a l l  s u r f a c e  a r e a  ( i n c l u d i n g  ends )  of 3 2 0  f t 2  i s  

(VII-13) 
41.275~10 - -  96 4 2 - - 320 X 540 - 2-3 X 10 BTU/hr-ft 

Removal Q 
ra te  

The hea t  removing c a p a b i l i t y  of a f i r e - b r i c k  wall w i t h  a s u r f a c e  

tempera ture  of 2000°F which i s  i n i t i a l l y  a t  100°F v a r i e s  w i t h  
- - ,  

12 5.1 
b t i m e  accord ing  t o  t h e  r e l a t i o n  

4 
(Tw-Ti) - .463 x 10 

BTU/hr - f t k - 
Q =  GCY 6 -6- ( V I  I -14 1 
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4 A t  5 minu tes  and 1 hour ,  t h i s  c o r r e s p o n d s  t o  1 .6  and 0.4~10 

2 BTU/hr-ft r e s p e c t i v e l y ,  which i s  less  t h a n  t h e  r e q u i r e d  ra te .  

I t  c a n  t h e r e f o r e  be concluded  t h a t  a d d i t i o n a l  c o o l i n g  of t h e  

w a l l s  may be n e c e s s a r y .  Conceivably ,  t h i s  c o u l d  be accompl ished  

by i n s e r t i n g  water c o o l i n g  pipes or c h a n n e l s  i n  t h e  FFSC w a l l s .  

The r e q u i r e d  t o t a l  water f low rate would be between 50 and 100 GPM, 

which i s  feasible.  The precise d e f i n i t i o n  of t h e  c o o l i n g  re- 

q u i r e m e n t s  must  be c o n s i d e r e d  as p a r t  o f  t h e  de t a i l ed  e n g i n e e r -  

i n g  des ign .  

/ / '  \ / / 

c 

Figure V I I - 1 .  Loca l  Env i ronmen t  i n  a h r g e  P o o l  F i r e  
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Figure VlI-5. E s t i m a t e d  Tra.ns:i.eilt Response of S t e e l  S tand-OTf  
Heated OH One S ide  

58. 



VIII F I E L D  F I R E  SIMUrtAT'TON CELL - COLJCSPTUAL D E S I G N  

A. REQU LREI~IENTS 

From t h e  p r e v i o u s l y  d i s c u s s e d  thermo-chemical, t o p o l o g i c a l ,  

c o n s t r u c t i o n a l  and o p e r a t i o n a l  c o n s i d e r a t i o n s  t h e  f o l l o w i n g  c r i te r ia  

w e r e  evolved for t h e  des ign  of a f a c i l i t y  whose o b j e c t i v e  i s  t o  

1 p e r m i t  s i m u l a t i o n  on a r e p r o d u c i b l e  basis of a f i r e  environment 

c o n s i s t e n t  w i t h  the Worst Credible  Environment (WCE) encountered  

i n  a f i e l d  f i r e  fo l lowing  an a i r c ra f t  c r a s h .  
I 

1:. F i r e  e n c l o s u r e  w i t h  w a l l s  p r o v i d i n g  r e q u i r e d  
r a d i a t i o n  background and p r o v i s i o n  f o r  a i r  
supply .  T h i s  i s  needed t o  a s s u r e  p rope r  i r r a d i -  
a t i o n  of the manikin and t o  e s t a b l i s h  t h e  r e q u i r e d  
f i r e  chemis t ry .  

2 .  Size of f i r e  e n c l o s u r e  t o  psrrni t  t h e  manikin t o  
r e c e i v e  no less t h m  95% of t h e  t o t a l  radimt 
h e a t  gene ra t ed  i n  a field f i r e .  

7 

3 .  Fire e n c l o s u r e  wall p r o t e c t e d  i n  such a way as t o  
p r e v e n t  wind i n t e r a c t i o n  w i t h  t h e  f i r e  as t h e  
manikin t r a v c r s e s  t h e  l e n g t h  of t h e  f i r e ,  y e t  
capab le  of p e r m i t t i n g  s i m u l a t i n g  flame plume motion 
i n  t h e  samz o r  i n  t h e  o p p o s i t e  d i r e c t i o n  t o  t h e  
d i r e c t i o n  t r a v e l e d  by the manikin.  

4 .  F i r e  basin capable 0% w i t h s t a n d i n g  sirnulat.i-on of 
a d r y  ground f i e l d  f i r e ,  w i t h  p r o v i s i o n s  f o r  
a d j u s t i n g  and main ta in ing  v a r i o u s  s p e c i f i e d  f u e l  
pool  h e i g h t s .  

5. Autoxiated r,iani.kin c a r r i a g e  capable of v a r i a b l e  
spced n d j u s t n m t  t o  pcrni t  manikin f i r e  exposure  
t i m c s  between 3 and 30 seconds. 
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B. DESIGN COHSIDERATIOFE (See a t t a c h e d  drawing CL101-1) 

From ear l ie r  c o n s i d e r a t i o n s  average " s t eady  s ta te ' '  flame 

tempera tures  of 2100°F a r e  cons idered  r e p r e s e n t a t i v e  of f i e l d  

f i r e s .  T o  a l low f o r  u n c e r t a i n t i e s ,  a m a x i m u m  of  2200°F i s  used  

for s t r u c t u r a l  des ign  c r i t e r i a . '  Only t h o s e  systems i n  d i r e c t  

c o n t a c t  w i t h  t h e  f i r e  a r e  s u b j e c t  t o  t h i s  des ign  tempera ture  

s p e c i f i c a t i o n ,  namely t h e  f i r e  e n c l o s u r e  wall ( r e f e r r e d  p r e v i o u s l y  

as background h e a t i n g  w a l l ) ,  t h e  b u i l d i n g  r o o f ,  t h e  f u e l  pool  

b a s i n  and t h e  manikin carrier r e s p e c t i v e l y .  

Because t h e  exposure t i m e  f o r  t h e  manikin i s  assuined t o  

be between t h r e e  and t h i r t y  seconds,  a twelve f o o t  f i r e  bed l e n g t h  

was s e l e c t e d ,  which w i l l  permi t  t r a v e l i n g  speeds f o r  t h e  mr-mikin 

between 0.4 and 4 f e e t  pe r  second. Survivor  speeds  between t h e s e  

l i m i t s  are cons idered  r e a l i s t i c .  

From previous  w a l l  h e a t i n g  c a l c u l a t i o n s  p r e s e n t e d  i n  Chapter  

V I I ,  a minimum time of 150 seconds i s  r e q u i r e d  t o  b r i n g  t h e  f i r e  

b r i c k  enc losu re  w a l l  i n n e r  surface t o  " s t eady  s t a t e "  flame tempcra- 

t u r e .  However, s i n c e  t h e  time p e r i o d  of i n t e r e s t  f o r  t h e  f i r e  i s  

between t h r e e  amd t h i r t y  seconds it i s  obvious thst wall  prehcat:ing 

i s  r e q u i r e d .  Metal walls 1/16 i n c h  t h i c k  can be expec ted  t o  respond 

more r a p i d l y ;  however t h e  s p e c i f i e d  des ign  tempera ture  may a f f e c t  

t h e  s t r u c t u r a l  r i g i d i t y  of such an assembly, adding c o n s t r u c t i o n a l  

cornplexj-ty which may u l t i i n a t e l y  nega te  t h e  advantage accrued o t h c r -  

w i s e .  
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Elec t r ica l  h e a t i n g  of  t h e  f i r e  e n c l o s u r e  w a l l  h a s  been 

i n v e s t i g a t e d  and found t o  be u n n e c e s s a r i l y  complex and expensive.  

A f i r e  b r i c k  e n c l o s u r e  r e p r e s e n t s  a compromise from t h e  

viewpoint  of ease of o p e r a t i o n ,  maintenance and i n i t i a l  C a p i t a l  

C o s t .  On t h e  o t h e r  hand, t o  s a t i s f y  t h e  above des ign  s p e c i f i -  

c a t i o n s ,  it i s  necessa ry  t o  pre-hea t  t h e  w a l l  e n c l o s u r e  b e f o r e  

t h e  manikin i s  exposed t o  t h e  f i r e .  P rehea t ing  of t h e  e n c l o s u r e  

can be accomplished i n  t w o  ways. By s t a r t i n g  t h e  f u e l  f i r e  i n  

t h e  b a s i n ,  h e a t i n g  t h e  w a l l  t o  t h e  desired fempera ture  and t h e n  

proceeding t o  expose t h e  manikin. A l t e r n a t e l y ,  t h e  w a l l  can be 

hea ted  independent  of t h e  f u e l  f i r e  u n t i l  t h e  r i g h t  t empera tu re  

has been obta ined .  Then t h e  fuel i s  in t roduced  i n t o  t h e  f i re  pit 

and i g n i t e d  a f t e r  which t h e  manikin becomes exposed. The first  

o p e r a t i o n a l  sequence is  s imple r  t h a n  t h c  second one; howcves, 

t h c r e  i s  a s s o c i a t e d  w i t h  such an ope rn t ion  a t i m e  d e l a y  u n t i l  the 

p r e h e a t i n g  has been cosnpleted, c a l l i n g  fora l a r g e r  f u e l  storage 

c a p a c i t y  t h n n  f o r  the other case. On t h e  other hand,  t h e  use of 

a luminous wall nay be p r e f e r r e d  i f  p r e h e a t i n g  of t h e  e n c l o s u r e  

i s  t o  be achieved w i t l i o u t  resorfj.ng t o  a JP-4 f u e l  f i r e .  Luiniiious 

walls make u s e  o f  a prerni,ced combust~-k,le mixture  i n j e c t e d  across 

a porous r e f r a c t o r y  wall- This m i x t u r e  i s  i g n i t e d  by a pilot 

f l a w  located in t h e  f i r e  p i t .  Quick c o o l i n g  of t h e  e n c l o s u r e  

can be achieved by s h u t t i n g  of f  t h e  f u e l  i n  the mixture ,  l e t t i n g  

Only a i r  fl-ow t h r o ~ g h  the porous wall. If necd bz, t h i s  f l o x  of 

a i r  can Ga replaced by a flow of i n e r t i n y  n i t rogen .  I n  a r ld i t ioa ,  
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a porous w a l l  e n c l o s u r e  o n  t h e  f i r e  w i l l  guarantee  no oxygen 

s t a r v a t i o n  of t h e  f i r e .  Whether f i r e  b r i c k  b lack-coa ted  walls 

o r  non-coated porous r e f r a c t o r y  wal l s  a r e  used, p r o v i s i o n s  are 

made f o r  independent  va lve  r e g u l a t e d  a i r  i n j e c t i o n  i n t o  t h e  

f i r e  p i t .  

To  f u r t h e r  gua ran tee  proper  i r r a d i a t i o n  of t h e  manikin,  a 

d i s t a n c e  of 3 f e e t  between each w a l l  andthe manikin is  provided.  

When added t o  the approximately two-foot shou lae r  wid th  of t h e  

manikin,  t h i s  r e s u l t s  i n  a f i r e  c e l l  wid th  of e i g h t  f ee t  as shown 

i n  t h e  conceptua l  l a y o u t  drawing. 

To perinit  q u a l i t a t i v e  s i m u l a t i o n  of flame plume motion 

w i t h  r e s p e c t  t o  the d i x e c t i o n  t r a v e l e d  by t h e  manikin,  a system 

of ceramic f i b e r  l ouve r s  has  been suspended above t h e  f i r e .  Proper  

positioning of these louvers should  a.Plow d i r e c t i n g  t h e  flarna plume 

sidewise if needed, o r  d i r e c t l y  upwards. When n o t  t e s t i n g ,  t h e s e  

l o u v e r s  can be arranged t o  form a cont inuous  roof  over  t h e  c e l l  

enc losu re .  To  p reven t  wind i n t e r a c t i o n  w i t h  t h e  f l~me e n g u l f i n g  

t h e  e n t e r i n g  manikin, a second e n c l o s u r e  e x t e r n a l  t o  tho  f i r e  

e n c l o s u r e  is neecic'd. so  t h a t  no e x t e r n a l  wind f low across t h e  f u e l  

i s  possible when t h . e  en te r img and e x i t i n g  doors  open t o  l e t  t h e  

manj-kin in and out r e s p e c t i v e l y .  Enclos ing  t h e  f i r e  wall w i t h  

ano the r  enclosure f a c i l i t a t e s  .the des ign  of a lateral plenum 

ChXiIbSr whj-ch liel-ps dis t r t - ihute  i n c o m h g  a i r  t o  t h e  i n n e r  enc losu re .  

The t o p  cov'a- of this  plcn~im cha:fib:x c o n t a i n s  s e v e r a l  a d j u s t a b l e  
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air r e g i s t e r s  d i s c h a r g i n g  i n t o  t h e  atmosphere t o  p e r m i t  by-passing 

t h e  f i r e  e n c l o s u r e  w h i l e  a t  t h e  sane t i m e  p r o v i d i n g  convec t ive  

c o o l i n g  of  t h e  wall i f  necessa ry .  

A i r  blowers l o c a t e d  n e a r  t h e  back wall are s i z e d  t o  handle  

a i r  loads of up t o  200 s t a n d a r d  c u b i c  feet  p e r  second. The d i s -  

charge  from each  blower issplit i n t o  two main headers', one of 
d 

L 

which f e e d s  d i r e c t l y  i n t o  t h e  f i r e  p i t  w h i l e  t h e  o t h e r  f e e d s  i n t o  

a s t e e l - l i n e d  e n c l o s u r e  which s u p p o r t s  t h e  porous r e f r a c t o r y  wall 

and Helps encase  t h e  f u e l  pool b a s i n .  Th i s  f low of  a i r  p e r m i t s  

c o o l i n g  a l l  metal s t r u c t u r e s  i n  d i r ec t  c o n t a c t  w i t h  t h e  f i r e  by 

f o r c e d  convec t ion .  Heated air i s  f i n a l l y  d i scha rged  a f t e r  t r a -  

v e r s i n g  t h e  l e n g t h  of t h e  f i r e  bed i n t o  t h e  upper p.l.cnun chnxber 

where it d i s t r i b u t e s  evenly .  The p resence  of t h i s  warm a i r  i n  

t h e  plenum chamber i n s u r e s  a s l i g h t l y  p o s i t i v e  p r e s s u r e  i n s i d e  

t h e  f a c i l i t y  which p r e v e n t s  exteriia.1 a tmospher ic  a i r  from e n t e r -  

i n g  t h e  f a c i l i t y  and mixing w i t h  t h e  f i r e  i n  an u n c o n t r o l l e d  f a s h i o n ,  

wh i l e  a t  t h e  same t i m e  p rov id ing  s u f f i c i e n t  a i r  f low as r e q u i r e d  

by the f i r e  . I n  a d d i t i o n  t o  a i r  c o o l i n g ,  w a t e r  c o o l i n g  i s  

i n d i c a t e d  i f  p r e h e a t i n g  of t h e  f i r e  e n c l o s u r e  wall  by u s i n g  

luminous walls i s  d e s i r e d .  I n  t h i s  c a s e ,  substantial h e a t i n g  of 

t h e  f u e l  pool  b a s i n  i s  expec ted  and c o o l i n g  o f €  by c i r c u l a t . i n g  
I 

7 
wate r  p rev ious  t o  pumpj-ng of the f u e l  i n t o  t h e  b a s i n  i s  r e q u i r e d  

t o  p r e v e n t  i g n i t i o n  of t h e  fuel b e f o r e  it: r e a c h e s  c? s p e c i f i e d  

l i q u i d  l e v e l .  
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The e n t r a n c e  and e x i t  doors  p reven t ing  t h e  manikin from 

flame exposure b e f o r e  and a f t e r  t h e  t e s t  are l o c a t e d  i n  such a 

way a s  t o  be p z r t  of t h e  f i r e  enc losu re .  These arc qu ick -ac tua ted  

s l i d i n g  doors  ab0u.t two f e e t  wide each,  t h u s  p e n n i t t i n g  a maximum 

opening of f o u r  fee t .  The s l i d i n g  doors  are suppor ted  from the  

f i r e  b r i c k  w a l l ,  which is a l s o  p a r t  of t h e  f i r e  e n c l o s u r e  wall 

and r i d e  on a t r a c k  a t t a c h e d  t o  t h e  f l o o r .  The f l o o r  under t h e  

f r o n t  s l i d i n g  doors i s  a niztal  g r i l l  l a i d  down on t o p  of a con- 

crete p i t  con t inuous ly  purged '  w i t h  a i r .  While t h e  back s l j .d ing  

door i s  s i m i l a r  i n  design t o  t h e  front, n i t r o g e n  purging has  b-cten 

provided  t o  p reven t  t h e  manikin from c o n t i n u i n g  to burn a f t e r  

l e u v i n y  t h e  f i r e  asen. 

For s a f e t y  r easons ,  propzr a i r  v e n t i l a t i o n  i s  h i g h l y  Clesirzble 

when t e s t i n g  i s  concluded, t o  guarantee  t h e  e l i m i n a t i o n  of c o w  

b u s t i h l e  mixtures  i1lsj.de t h e  f a c i l i t y .  Thc e l i m i n a t i o n  of pockets  

where co rdms t ib l e  mix tu res  m z y  becoine t r zpped  i s  of parariIoullt 

importance i n  the f i n a l  selectj .on of the struct.ure. After c a r e f u l  

c o n s i d e r a t i o n s ,  an opzn roof  typz  f a c i l i t y  was selected. H O T L I ' C V ~ ~ ,  

bccause of vieat:?.er p r o t e c t i o n  cons ide ra t ions ,  a r o l l i n q  cell. shed 

w i t h  co r ruga ted  roof  and s5.de wal3.s has becii. chosen cls t h e  n o s t  

pract j .ca- l  c'ovor f o r  t h e  PFSC. 

In the evenli of an emergency recp . i r i .ng  a quick  f i r e  shutdovm, 

fiiel- f bow i s  d.i'.sconti.nued ancl a valve cor:i-iectl'.r~gthe fnel. f i l l  1 5 . n ~  

to t h ~  ei:l:>rgenclT ~ i t . h c ? s : ~ n r ; d ,  t~ i? :  opzncd. Eecause this  t ~ l k  i s  U i I d c i -  

c 

n 
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vacuum, the flow of f u e l  i s  r e v e r s e d  t h u s  p e r m i t t i n g  qu ick  d r a i n -  

i n g  of t h e  f u e l  pool .  A s  soon 2 s  t h e  f u e l  d ra inage  has  been 

completed,  f low of  n i t r o g e n  i s  i n i t i a t e d  i n t o  t h e  f u e l  f i l l  l i n e  

connec t ing  t o  t h e  f u e l  b a s i n ,  f o r  t h c ' p u r p o s e  of quenching and 

e x t i n g u i s h i n g  t h e  f u e l  f i r e .  

A f u l l  operational sequence cannot  be e s t a b l i s h e d  a t  t h i s .  

time, s i n c e  no in fo rma t ion  i s  a v a i l a b l e  on t h e  number of manikins  

t o  be tested, nor t h e i r  i n s t r u m z n t a t i o n  phi losophy.  However, SOii le  

o p e r a t i o n a l  sequencc! has been assumed dur ing  t h e  f a c i l i t y  conceptua l  

d e s i g n  phase,  c o n s i s t e n t  w i t h  ease of o p q a t i o n  and maxinum s a f e t y  

of t h e  personnel  hvolvec t  i n  t h e  o p e r a t i o n  and maintenance of 

this facility. 

The c r i t e r i a n o f  o p e r a t i o n  adopted he re  i s  one which permits 

prc -hea t ing  of t h e  f j . r e  e n c l o s u r e  wall d i r e c t l y  by t h e  J P - 4  f<.re. 

T h i s  undoub ted ly  r e p r e s e n t s  t h e  simplest mode of operation. After 

p r o c e c d h g  t o  r o l l  ~ ~ 7 s . i ~  t b  f ac j . l . i t y  shed, f i l l i n g  up of t h e  f u e l  

b a s i n  i s  i n i t i a t e d  until a s p e c i f h d  liquid level is  ob ta ined .  

S imul t aneous ly ,  the flow of a i r  is s t a r t e d  bo th  ccross t h e  fkre  

1 encl-os~l.re as ere11 as into the pl-enurn climbers. 'The a i r  r e g i s t e r s  

above t h e  plcnun;~ c h m h e r s  are t h e n  f u l l y  op.mcd t o  perni i t  thorough 

purg ing  of the pl-cr?un chsmber enclosnre. Concurren t ly ,  t h e  exhaust 

louver cyst.:ern is p D s 3 - t i o n e d  t o  y i v c  t h e  de.r;i.red f i r e  plurce not ion,  



The f u l l y  i n s t r u n i n t e d  manik in  i s  t h e n  mounted secu . r e ly  t o  t h e  

carrier,  w h i l e  b o t h  f r o n t  and  back c o n c r e t e  p i t s  are b e i n g  f u l l y  

a i r  purged .  I t  i s  v e r y  i m p o r t a n t  t h a t  t h e  main f a c i l i t y  door  be 

s e c u r e l y  closed a f t e r  t h e  s l i d i n g  doors are  s e t  closed. The 

emergency wi thd rawa l  t a n k s  are i so l a t ed  t h r o u g h  i s o l a t i o n  v a l v e s  

from t h e  f u e l  f i l l  l i n e  and  t h e  mechan ica l  vacuum pumps t u r n e d  

on u n t i l  e v a c u a t i o n  o f  t h e  emergency t a n k s  below 1 micron  o f  

mercury i s  o b t a i n e d  a t  which t i m e  t h e  vacuum punips are  i s o l a t e d  

from t h e i r  r e s p e c t i v e  t a n k s .  J u s t  p r i o r  t o  i g n i t i o n  of t h e  f u e l  

p o o l ,  t h e  water pumps are  a c t i v a t e d  by open ing  the complete re- 

c i r c u l a t i o n  sys tem,  making s u r e  t h e  flow of  c o o l a n t  i s  on. A i r  

r e g i s t e r s  on t o p  of t h e  plenum chmibers  a r e  re-adjusted t o  close 

p o s i t i o n  wh i l e  t h e  back c o n c r e t e  p i t  i s  t r a n s f e r r e d  from a i r  p u r g e  

to a n i t r o g e n  pu rge  mode. I g n i t j - o n  o f  t h e  f i r e  i s  t o  be accornpl .~shcd 

by t r i g g e r i n g  an e l e c t r i c a l  i g n i t e r  o r  i t s  e q u i v a l e n t .  Tempera ture  

i n s t r u m e n t a t i o n  f o r  b o t h  t h e  f i r e  e n c l o s u r e  wall and t h e  f i r e  

i t s e l f  i s  mon i to red  u n t i l  close agreement  be tween t h e m  i s  obta?rinecl, 

at which t i m e  the s l - id ing  f r o n t  door and t h e  manik in  carrier are 

a c t i v a t e d .  The back s l i d i n g  door i s  f i n a l l y  ac t iva t ed  u s i n g  a 

d e l a y  s w i t c h  sequ.cnt ia l1y coup led  t o  t h e  f r o n t  door .  Upon COiA- 

p l b t i o n  of t h e  manik in  r u n ,  t h e  rezr e x t e r n a l  facility door w i l l  

be oixncd t o  pzrrni t  removal of t h e  manik in  a f t e r  complete qiienchi.ncj 

by n i t r o g e n  h a s  been comple ted .  
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I n  t h e  e v e n t  t h a t  an  emergency arises where i t  becomes 

d e s i r a b l e  t o  t e r m i n a t e  t h e  f i r e ,  i s o l a t i n g  va lves  t o  t h e  emergency 

wi thd rawa l  t a n k  are t o  be opened fully t o  permit w i t h d r a w a l  of t h e  

r ema in ing  fuel i n  t h e  fuel b a s i n ,  fo l iowed  by t h e  a c t i v a t i o n  o f  

t h e  emergency n i t r o g e n  sys tem which w i l l  t h e n  f l o o d  t h e  fuel 

b a s i n  u n t i l  t h e  f i r e  becomzs e x t i n g u i s h e d .  
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I X .  m C L U S E O N S  AND RECOi~?ENDAT"(INS 

A. CONCLUSIONS 

A f t e r  c a r e f u l l y  ana lyz ing  t h e  dominant e f f e c t s  present i n  

a rea l  f i e l d  f i r e  t o  de te rmine  whether o r  n o t  t h e y  can be simu- 

l a t e d  i n  an FFSC, t h e  fo l lowing  conc lus ions  have been reached:  

1. 

2. 

3 .  

B. 

A n a l y t i c a l  modeling of t h e  impor t an t  c h a r a c t e r i s t i c s  of 
a JP-4. f i e l d  Eire i s  p o s s i b l e .  A reasonable agreement 
between the Worst C r e d i b l e  Environment i n  a rea l  f i e l d  
f i r e  fo l lowing  an a i r c r a f t  c r a s h  and t h e  W E  of an  E'FSC 
has  been ob ta ined .  A i r  en t r a inmen t  rates i n t o  t h e  f i r e  
d e r i v e d  from the ob ta ined  a n a l y t i c a l  model tiere used  as 
an i n p u t  t o  t h e  conceptua l  des ign  of an FFSC. 

Engineer ing  f e a s j - b i l i t y  on t h e  basis of J P - 4  f u e l  r e s u l t s  
froni t h e  a n a l y t i c a l  model was s u c c e s s f u l l y  e s t a b l i s h e d .  
A concep tua l  des ign  l a y o u t  (Encr tech  Inc .  Drawing CE-101-1) 
has evolved from t h e  e n g i n e e r i n g  f e a s i b i . l i t y  o tudj .es  of a 
f a c i l i t y  trhick i s  un ique  in i t s  c h a r a c t c r i s t i c s ,  yet 
operationally flexible, easy t o  opzrate and ma in ta in ,  and 
possesses a maximurtil degree of i n t r i n s i c  s a f e t y .  The fac t  
t h a t  JP-4 fuel v7as used  as  a design f u e l  does n o t  res t r ic t  
t h e  u s e  of t h i s  f a c i l i t y .  €lot7ever, i f  burn ing  of f u e l s  
o t h e r  than JP-4 i s  d e s i r e d ,  dif ferrent a i r  e n t r a i i m e n t  r a t e s  
may bs r e q u i r e d  f o r  the propcr  " tun ing"  of the fire..  

A p r c l i n i n n r y  C s t C i r m t e  based on t h e  proposed f i e l d  f i r e  
f a c i l i t y  concep tua l  d e s i g n  J-ayout ind ica tes  a c o s t  range 
between $50;: and $ 7 5 K ,  depending on t h e  o p e r a t i o n a l  
sequence of t h e  f ' a c i l i t y .  F o r  a inorc d e f i n i t e  estimate 
detailed engineering drawings and s p e c i f i c a t i o n s  care 
r e q u i r e d .  

On t h e  h s i s  of conclusions gene ra t ed  by t h e  r e s u l t s  of 

t h i s  st\idy in which t~iermo--chein.ic:al, hydrodynanic and eng inee r ing  

feasibility of siicul-a-lring a f i e l d  fire was cons ide red ,  it i s  

rccoritwnded that a f a c i l i t y  us ing  the proposed conceptu.al  l a y o u t  
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(Enertech Inc.  Drawing C L t - l O l - f )  be b u i l t  and operated for t h e  

purpose of s imula t ing  a f i e l d  f i re  environment following an air- 

c r a f t  crash. The proper implementation of t h i s  recommendation 

involves  t h e  following steps: 

a. 

b. 

C. 

a. 

e. 

Prepara t ion  of engineer ing s p e c i f i c a t i o n s  fo r  purposes 
of secur ing  p o t e n t i a l  con t r ac to r  b ids .  

Prepara t ion  of a test program, r e f l e c t i n g  t h e  philosophy 
of opera t ion  desirable f r o m  'the viewpoint of frequency 
of t e s t i n g  and t h e  number of manikins and/or o the r  use 
of t h e  f a c i l i t y  f o r  b i o l o g i c a l  f i r e  i n j u r y  s tud ie s .  
The f i n a l  ob jec t ive  of t h i s  recommendation i s  t o  permit 
development of a f a c i l i t y  ope ra t iona l  sequence which 
perhaps may impose o the r  more severe  s torage  and main- 
tenance needs than previously considered and w h i c h  
u l t i m a t e l y  w i l l  have t o  be reflected i n  t h e  f i n a l  
engineer ing design. 

Establishment of engineer ing manikin instrumentat ion 
cr i ter ia  t o  proper ly  a s c e r t a i n  i n t e r f a c e  r e l a t i o n s h i p s  
with t h e  FFSC. 

I n v e s t i g a t e  extension of t h e  use of t h e  f a c i l i t y  f o r  
f u e l s  o t h e r  than JP-4. T h i s  r e q u i r e s  knowledge of 
a i r  entrainment rates which can be obtained by use 
of t h e  a n a l y t i c a l  model developed i n  t h i s  r e p o r t  
applied t o  d i f f e r e n t  fue l s .  

That procurement be broken down i n t o  sequen t i a l  steps 
a , b and c r e spec t ive ly ,  before proceeding w i t h  t h e  
re commendat ion. 
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